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ABSTRACT

An attempt is made to set forth what it would take
to continuously remove iodine from the MSBR fuel by pro-
cessing a sidestream of the primary flow. Although no -
final judgment as to the ultimate desirability of strip-
ping iodine can be made until further experiments and
evaluation are undertaken, the conclusion is reached. -
that available evidence indicates this to be a reason-
able developmental goal pending satisfactory resolution
of uncertainties in the following areas: (1) Verifi-
cation is needed regarding the degree of separation -

. that can be achieved by various types of contactors.

(2) What has been assumed regarding the chemistry of
iodine stripping needs to be verified on a laboratory
scale using a chemical environment that closely repre-

-sents actual conditions. (3) A determination must be

made on how oxidizing localized portions of the primary
system may be permitted to become.
In Chapter 2 & discussion is presented on the chem-

. istry of iodine stripping from fuel salt. Some rather

speculative designs of four types of iodine stripping
units are presented in Chapter 3.
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SUMMARY

This report attempts to set forth what it would teke to continuously
remove iodine from the MSBR fuel by processing s sidestream of the primary ..
flow., The greatest benefit for iodine stripping is attained when it is
assumed that impervious graphite coatings ‘are tiot'available. In this case
xenon moves into the graphite with such speed that there is a particularly
high incentive to capture the mass-lBS‘fiEéibﬁ”product before it decays to
xenon, Throughout this report the graphite is a8sumed to be uncoated and
similar to that used in the MSRE. e ’ '

The two basic approaches to thé'@%obiém of 'iodine removal are pre-
sented in Chapter 1. First, one may consideffa”cdﬁtéétor~iﬁtended for
iodine stripping elone. This has the virtue of requiring only small by-
pass flows (about 0.8% of the primary flow) and Yeasorisbly smell eéquipment
size. The disadvantage is that the target xehor poison leével cannot be
achieved solely by this means — although the icdine stripper would capture
about 80% of the mass-135 poison, additional xénon removal provisions must
be made to reduce the poison fraction to 1/2% 8k/k.

The second approach is to use higher bypass flows in order to capture
sufficient xenon aloﬁg with the iodine so that no additional control mea-
sures are needed. With uncoated graphite this may be accomplished with
bypass flows of about 8% of the primary flow., This latter approach was
favored at the outset of this work, however, after developing some flow-
sheets and contactor designs for the two methods it is now thdughtvthat
iodine stripping alone is the preferred method.

A preliminary flowsheet for iodine removal alone is shown in Fig. 9.
The stripping gas flow rate is 80 cfs of helium containing 0.0l atm HF,
which oxidizes the fuel salt from an assumed U*4/U*3 ratio of 10% to
_3 X 10% at the exit of the stripping unit. Thus, HF is consumed at a rate
of 0.0L 2STP/sec. The salt is returned to its original state by eddition
of reductant. Figure 9 shows a reductant addition rate of 5.0, 1.5, and
29.2 g/br of 1i°, Be°, and Th®, respectively, which must ultimately be
removed by the chemplant. This manner of adding reductant is shown be-
cause it leaves unaltered the molar ratios of Li, Be, and Th in the fuel.



However, the text notes that 7.6 and 2.2 g/hr of Li° and Be® could be
added instead with the intention of leaving it in the fuel; This would
alter the fuel composition, but probably at an acceptably slow rate.

" In Chapter 2 the chemistry of iodine removal from MSBR fuel is dis-
' cussed Emphasis is placed on full understandlng of avallable laboratory
data on iodine stripping from lithium-berylllum fluoride melts. The
apparently anomolous behavior of these data 1s explalned by assuming the
stripping rate to be controlled by I~ ~diff95199“39mth§ ggs/;;quid{;n@er-
face. It is shown that this assumptioh éégg;atg;i'ggggpgtéufor th§;¢b'
served variation of the apparenf equilgﬁyiﬁﬁ cqnétg#; ﬁiﬁh Hr pqrtial
pressure as well as observed trends of'ﬁhelétripping-répé with tempera-
ture and mole fraction Be . , - ;; .

The chemical enviromment in an MSBR iodine strlpner would differ
significantly from that which existed in the laboratory experiments — the
stripping gas would be primarily hellum'rather than hydrogen, iodine con-
.centrations would be about 20,000 times lower, and the presence of the
U*2 /U4 couple offers an additional complication. _Despite these differ-
ences it is felt that iodine stripping from MSER fuel is understood well
enough to allow some speculation on the design of practical stripper
units, . .

Four types of contactors are examined in Chapter 3 for use as iodine
strippers or for combined xenon and iodine removal. It is shown that for
either case the reguired number of transfer uwnits of separation is reason-
ably small so that efficiency of separation is not an important factor in.
the selection of the type of contactor. "All the four contactors considered
are probably worthy of further examination, however, the spray desorber
appears at this time to be the best choice. Here we speak of a device in
which the separation is accomplished in the spray zone near the nozzle
_ rather than the much larger, conventional spray tower where the bulk of
nthe separation is presumed to occur from quiescently falling drops. The
spray desorber offers the advantage of small size and low liquid holdup.
If conditions at the inlet nozzle prove to be too severe, the venturi
scrubber may be a good alternative that requires less demanding inlet

conditions.



The two other types of contactors considered are the so-called "ramp
stripper" and the packed column. "The ramp stripper offers the possibility
of effecting the liquid/gas contact in-a relatively calm, closely regu-
lated countercurrent fashion that could be a highly desirable feature,
for example, if foaming were a problem in the spray devices. However,
the value of the mass transfer coefficéient in"this device 18 highly uncer-
tain and needs to be experimentally verified. Packed columns are pres-
ently limited by low measuréd valies of the effective mass transfer coef-
ficient. This is partly caused by the nonwetting character of the fuel
salt, which results in a low liquid ‘surface area within the column. Thus
packed columns tend to be rather .largé, but vithin the realm of possibility
for iodine stripping alone. o o

RECOMMENDATIONS

1. The labératory experiments on {odine tripping from 1ithium-
beryllium fluoride melts should be‘repea%éd using conditiotris that more
closely approach those expected in an MSBER contactor. As a minimum, the
carrier gas should be helium instead of hydrogen, the iodine concetitra-
tion should be reduced to anticipated levels, and uranium added to the
melt, If possible, counterflow film coitact should bs used so that accu-
rate mass transfer data as well as chemical equilibria“may“bé'obtaiﬁed.

2. Iodine stripping experiments should be designed for the Gas Sys-
tem Test Facility. These could include: '

a. determination of the number of transfer units of iodine and
xenon separation obtained by spray desorption, and - |

b. determination of the mass traQSfer'COeffiéiént in a counter-
flow contactor such as the ramp stripper. "Means for elevating the
transfer rate by roughness elements should be tried.

3, Some attempt should be made to deﬁéfminé what effective mass -
transfer coefficients may reasonably be expected in a packed column iodine
stripper. Present tests of these devices indicate rather low ?alues for
kL’ which, however, appear to be satisfagtory for the intended use in the

" Chemical Processing Facility. Values for kL in & packed tower may be



elevated by
| | a. selecting a larger diameter golumnlfqg.te§t tp_reduge the
fraction of liquid that bypasses the packing by flowing down the wall,
b. Jjudicious selection of packing size aqq,shape‘td.mggimize the
exposed liquid contact surféce in the ég%uﬁn,n$  -

1. INTRODUCTION

In this report we consider the possibility of processing a 51destream
of the primary flow of an MSBR for xenon or iodine removal. ?hehggqgired
rate of sidestream processing to achieve a desired pq;gqg”}egg;uﬁeégpds
on the rates of competing, undesirable procésses. .be the specié.135I,
through which 82% of the 3°Xe poison passes, the competing processes are
diffusion into graphite and decay to xenon — burnup of 25T being neg-
ligibly small, The chief attraction of iodine stripping lies in the fact
that the competitive rates are quite low, ahd hence thevmajor portion of
the 1od1ne could be captured by processing small sidestreams - 1n the
range 0.2 to 0. 4% of the primary flow or 120 to 240 gpm for a 100% effi-
cient device, e

The required iodine processing rate is detgrminéd p;;gp{péllyﬂb&,the
rate of decay to xenon that occurs with a half-life of ﬁéj;hr;mngv;déhce
presented in Section 2.5 indicates that the iodine loss raﬁe tovthe graph~-
ite pores — due both to vaporization of the vp;gtile specieg.LiiranguBeFI
and the desorption of HI and I — is negligibly small in caﬁpgriéon;. In
that circumstance it may be shown that the ratio of xenon congeptratidn
in the fuel with iodine being stripped with removal time T, to that assum-

I
ing no iodine stripping is given by,

(Xe) 1 § :
IXZ]O = Yye ¥ Yi <; + 1) ’ L (1)

where

1

(Xe)
[Xe]0

135%e concentration in fuel with I stripping,

[}

135¥e concentration in fuel without I stripping,



YI = fraction of mass 135 yield that is directly Xe and I,
respectively. Yﬁe = 0,18, Yi = 0,82,

= l/TI%I, dimensionless I removal rate,

iodine removal time,

A= 1351 decay constant.

+3
H
1l |

The significance of Eq. (1) may be noted by examination of Fig. 1.
The top line, obtained from values calculated by R. J. Kedl, relates the
- anticipated 1>9Xe poison levels for uncoated graphite as a funétion of
the rate of xenon removal, assuming no simultaneous removaléof iodine. It
may be seen that the objective of 1/2% 135Xe poison level cannot be at-
tained with solely xenon stripping except by resorting to B&paés flows in
excess of 15% of the primary flow rate, which we will assumé for the pres~
ent to be an upper practical limit. ,_:;1

The three lower curves of Fig. 1, which were computed %f5ﬁ~the top
curve and Eq. (1), pertain to the situation when iodine is gimultaneously
removed with efficiencies of 10, 20, and 1004. Thus the top curve per-
tains to the case where the stripping gas is inert,* and thé required gas
flow rate is small due to the low solubility of xenon in fuel salt. To
attain some nonnegligible amount of iodine stripping, HF must be added to
the stripping gas, Additionally, much greater gas flows are required to
keep the partial pressures of HI(g) and I(g) sufficiently low. The point
here is that any iodine stripper, howe&er inefficient;.is likely to quite
efficiently remove xenon as well —-whihh is the reasod»for presenting the
relationship of 137Xe poison level and bypass flow rate in the fashion
shown in Fig. 1,

Referring to Fig. 1, note that 1/2% poison levels may be achieved
with very modest bypass flow rates and only small required iodine removal
efficiencies. For example, whén the bypass flow rate is 5 1/2% of the
primary flow and 100% efficient xenon removal is presumed, the 1/2% poison
level is achieved with only 10% iodine removal effiéiency for the stripper.

*Some iodine will come off even with inert stripping gas. See dis-
cussion in Section 2.4.
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The dashed line shown in Fig. 1 relates the 125Xe poisonilevel to
the bypass flow rate for the hypothetical situat;on of 100% iodine and
no xenon removal. Fof this case there is & rapid reduction in xenon poi-
son level with small increases in bypass flow.rate, Essentially all the
iodine is removed with about 0.8% bypass flow at which time the poison
level approaches 1% — the velue resulting from the 13°Xe direct yield.
Comparison of the dashed curve with the solid line, which represents the
case of 100% xenon and 1004 iodine:reméval,:-indicates that with such low
‘bypass flow, the amount of xenon removed is of small significance in re-
ducing the 135Xe poison level. Although iodine reméval,by itself is in-
sufficient for achieving a 1/2% poison level, removal from small bypass
flows can be extremely helpful to the attainment of such a goal,.

Summarizing them:

1. Sidestream processing for xenon removal albne requires imprac-
tically high bypass flows unless some degreé of- graphite sealing is
assumed to be available. : N

2, We may think in terms of a low bypass flow device designed solely
for iodine removal that would supplement some other 12°Xe control system.
In Section 3 we consider a stripper designed specifically for 0.8% bypass
flow and 60% iodine removal efficiency which would capture about 80%
of the MSER 135Xe production.

3. We could consider a larger flow-rate device designed for a reason-
ably high xenon-removal efficiency and a low but significant iodine-

. removal efficiency. 1In Section 3.the case of 8% bypass flow, 63% xenon
removal, and 6.3% iodine removal is examined, Such flows and stripping
efficiencies would result in a 1/2% '35Xe poison level with no additional
control measures. '

It may be worthwhile at this time to itemize as carefully as possible
the advantages and the disadvantages of sidestream processing for control
of 135Xe poison fraction.

1.1 Advantages of Sidestream Processing

1.1.1 Piping Simplicity

One process flow replaces the four parallel gas-separator loops of
the present reference design.



1.1.2 Hydraulic Simplicity

Hydraulic transients are far simpler to analyze with only one bypass
line instead of four; hence, prediction of off-design events are more
certain. -From a hydraulies point of view,-the flow through a stripper is
well understood compared with the relatively unknown dynamics of the
vortex-flow gas separator.

1.1,3 Use of Standerd Unit Operations_.

There is some advantage in employing-:standard separation devices as
opposed to unique methods that are rarely used. Unique procedures, such
as bubble circulation and vortex gas separation, have either been rejected
in past commercial systems for some valid reason or may lead to unanti-
cipated future difficulties.

1.1.4 Potential for Improvement

There are four types of stripping devices considered in this-report,
each one of which has a spectrum of design parameters that may be adjusted
to improve contactor efficiency or diminish liquid holdup. In contrast,
the characteristics of the circulating bubble system are largely inherent
features that depend on noncontrollable surface properties: or bubble dy-

namics,

1.1.5 Potential for Multiple Use

This is probebly the greatest single advantage for sidestream pro-
cessing. As knowledge expands on the behavior and disposition of fission
products in the fuel salt, means may become evident to advantageously use
a sidestream iodine or xenon stripper for additional purposes., Perhaps
a permanent noble-metal sink could ultimately be devised; or it is possible
that a gas stripper may play some role in tritium control procedures.

These potentialities may seem far fetched at this time; ﬁowever, they at
least remain open if the sidestream processing approach is adopted for
dealing with the 12°Xe poisoning problem.
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1.2 Disadvantages of Sidestredm Processing

1.2, l Design Uncertalnty for the Stripper Uhit

There is very little date available on which to base a design of a
fuel salt stripper; hence, it is not p05$1ble to prove wlth satlsfaction
that any one concept is acceptable,_let alone ﬁhich 1s‘best Some pre-
liminary mass transfer data obtained for l—in.fdlam packed columns are not

encouraging for considering these devices on a larger scale.

1.2.2 Iarger Ligquid Holdup

A key question is how small the 11qu1d holdup can be held to in the
sidestream processing unit. In thls regard iodlne strlpplng 1s to be
preferred over xenon stripping, and packed eplumqs_eppear to.be at a dis-
advantage, - R

1.2.3 Iarge Stripping Gas Flows Required

Whereas the gas- circuiating requifement'in the present MSBR reference
design is a low 11 cfm, gas flows would have to be sdbstantlally higher

for a sidestream stripping unit. Gas flows as hlgh as 5600 cfm are being
considered,

1.2.4 Development Work

Engineering development of the stripper and deoxidizer contactors as
well -as studies on -fission product distribution in the gas system would
likely be required. Tests on the corrosion rate in the stripper, where

the fuel is made more oxidizing than in other parts of the primary system,
would be needed.

2. CHEMISTRY OF IODINE STRIPPING

2.1 leboratory Stripping Experiment

Laboratory-scale experiments were performeal:2>3 on the removal of
iodide as HI from molten LiF-BeF, mixtures by sparging with HF-Ho gas
mixtures, according to the reaction
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HF(g) + I = F',+ .HI(g) . (2)

In a typlcal run approximately 275 g of a molten LlF-Ber mlxture (33 to
50 mole % BeF,) was prepared in a 2- in.-diam nlckel reactlon vessel as
shown in Fig. 2. A weighed pellet of KI was added sufficient ¢o bring the
initial iodide concentration in the melt to approximately 1.6 x 10~%
g-mole/cm3. The system was flushed with helium, which causéd the evolu-
tion of small amounts of iodine presumably because traces 6F oxygen and
watef were initially present. Initiation of hydrogen sparging caused
this evolution to cease after a short time. The HF flow vas then begun
at 2 constant partial pressure in the range O 0L to 0.2 atm

Hydrogen was chosen as the carrier gas to inhibit the reaction of
HI(g) and nickel., Thermochemical dsta indicated that HT will not react

- with nickel to form NiI, and Hy in the presence of approximately 1 atm

of Ho in the temperature range 470 to 640°C as shown in Table 1. However,
as the gases are cocoled to lower temperatures in the off-gas line, reac-
tion should occur. Consequently, ‘the off-gas line was prov1ded with a
gold liner sealed at the end to a Teflon tube. Tests in which 1317 tra-
cer was used indicated that with this arrangement there was no signifi-
cant holdup by adsorption of HI on the walls of the off-gas system.

Another reason for using hydrogen as a carrier gas was to inhibit
the reactions by which gaseous HI dissociates,

- HI(g) = 1/2 Io(g) + 1/2 Ha(g) , (4)

HI(g) = I(g) +1/2 Hy(g) . (5)

Equilibrium constants for Egs. (4) and (5) may be obtained from
the data in Table 1, reaction (2) and (3).

*The equilibrium constants designated as K4 refer dissolved species
to the standard stete of the pure ligquid and gas species to the pure gas
at 1 atm. Hence, for ideal solutions, concentrations are given as mole
fraction for dissolved materials and atmospheres for gases. The numerical
subseript refers to reactlon number given in Table 1. ZEquilibrium con-
stants written as K give dissolved concentrations as g-mole/ce.
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the conditions employed in the various runs, no more than 1% of the HI in
the gas phase should dissociate, producing principally I atoms. The ad-
vantage gained by inhibiting the dissociation of HI is the simplification
of the iodine chemistry in the off-gas system.

The efflueﬁt ges stream, consisting of HF, HI, and Hp, was conducted
through a sintered Teflon or gold filter and subsequently to an NaOH bub-
bler to trap the HI. The bubbler contained g known amount of NaOH to
neutrglize the HI and HF, a known émount"bf arsenite to reduce any I, pres-
ent, and a pH indicator. When the?iﬁdicétor showed that all the NaOH had
been neutralized, the solution was reﬁlaced by a fresh one. In each run
a series of neutralized scrub solutiaﬁs was oObtained, which were analyzed
for iodide by potentiometric titration with standard AgNO; solution, and
for I, by back titration of the arsenite with standard iodine solution.
From the results the moles of HF, Hi, and I,, which had entered a scrub
solution, could be determined. Typically, about 95% of the iodine charged
could be accounted for at the end of a run. No significant amounts of I
were found.

| In preliminary runs, poor recoveries of iodide (typidally 80%) were
obtained, The cause of this was traced to small particles of salt en-
trained in the gaseous mixtures of HF, HI, and H, emerging from the reac-
tion vessel. Evidently these particles caused condensation of HF and HI
with water vapor in the NaOH bubbler. The condensed droplets of solution,
readily visible as a fog in the gas phase of the trap and found to be A
acidic, ‘evidently did not react completely with the NaOH solution, thus
causing the low recoveries, introduction of the filter in the off-gas
line shead of the bubbler overcame this difficulty.

Data for a typicel run are plotted in Fig. 3 where it may be seen
that characteristically the logarithm of the iodide concentration in the
melt diminished linearly with time or.with moles of HF passed. Typically,
about 97 to 98% of the initial iodine charge was stripped from the melt.

Analysis of the stripping data was performed on the basis of the

reaction

HF(g) + I (d) » F (a) + HI(g) , (3)
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for which the equilibrium constant is defined as follows:#*

Pyr(F7)

Ky = — . (6)
PHF(I )

Here, at the low partial pressures and the elevated temﬁeiétﬁreg invoived
HF and HI are assumed to be ideal gases and hence their pressures may: be .
used .instead of their fugecities. Since, in a given experiment (i.e. . for
a given solvent salt composition and temperature), the activity (F ) |
should have been constant and the activity (I ) should have been propor-
tional to the concentration [I” ], it is convenient to define
PHI - f:.;;¢gut .
K{ = ——, ' . coa A7)
PiplI') o

which, like Ky, should vary solely with. tempefefﬁfe;;: o

If it is now assumed that equilibrium was continuously maintalned
between the salt and gas phase, then there results®

(17) X{

[z71, nHF

where [I-]o is the initial iodide concentration, V the volume of the melt,
and n.. the moles of HF passed. Thus, the value of K{ presumably may be
determined from the slope of £n [I”) /[I'] Vs myn or time, since the
sparge flow was constent. Though this assumptlon corroborates the ob-

served linear decrease of fn [I ] with ngp shown in Fig. 3**, it was

¥The designation (F ) signifies activity of F P [(F73 concentratlon in
g-moles/cc and X5~ mole fractiom.

*¥The data points in Fig. 3 are actually. data corrected to account for
small unavoidable losses of iodine ( ) incurred prior to starting the -

run, Values of nI é and X{ were complited to yield the least squares line
shown in Fig. 3.
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nevertheless ultimately determined that assuming equilibrium between the

gas and liquid phases was not correct. Equation (8) should properly be
written,

[17) K
4n = = - {app nHF ) (8a)
I

(o]

_where K{ is written in place of K{ to indicate that the value of: the
equillbrium constant computed by means of Eq. (8) is wrong. This" ‘was :
first noted when it became clear that computed values of the equllibrlum o
constant were dependent on the partial pressure of HF in the- fashion

shown in Fig. 4. The re01procal of the equllibrlum constant is seen to
increase linearly with P HF for each of the three melt comp081tions tested —
which, of course, would not be the case if all the assumptions made were

valid.

A number of reasons for the variation of K{ app with Poo were pro-
posed:? ; J .U

1. The possibility of a chemical reaction competing with Eq. (3)
could not be ruled out. ;3

2. Baes* showed that if HI(d) exiéts uniformly distributed through-
out the melt the instantaneous equllibrlum exists between the melt and
sparge gas, then 1/K{ will vary lihearly with Py With the’ slope of the
line equal to KHI’ the solubility coefficient for HI. The dlfflculty,
however, arose when it was observed ‘that KHI had to be quite hlgh to yield
the observed variation. ; o

3. The third pdsulated explanatlon is that equlllbrium conditlons
were not established between the melt and the sparge gas. As the partial
pressure of HF was increased, so too was the departure from egquilibrium.

The model proposed in the next section has evidently resolved this
question satisfactorily. It is shown that if one assumes the stripping
rate to be limited by the diffusion of I  to the sirface, the variation
observed in Fig., 4 results. Hence, the following proposed mechanism is

essentially a duentified version of postulate (3) above.
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2.2 Analysis of the Todine Desorption Mechanism

2.2.1 Description of Model

Several chemical models fdr the desorption process in this experiment
vwere considered. The following one was found to be in agreement with the
two distinctive features of the spargfng date, namely, the linear decay
of the logarithm of the iodine content ‘of the salt with moles of HF passed
. (Fig. 3) and the linear increase of: thf;reclprocal of the equilibrium
quotient with the partial pressure of HT in the sparge gas (Fig. 4).

Referring to Fig. 5, the proposed.model assumes the rate-controlling
step to be the transport of I froﬁ;%ﬂe bulk liquid to a surface reaction
zone. In comparison, the transporfwxafé of HF(g) to the liquid surface,
the adsorption rate of HF, and theﬁiiquid phase reaction

B + 17 7—"’##1(&) (9)

are assumed to be rapid. Additionéily,'the desorption and removal rates
of HI are assumed to be rapid. The above reaction is assumed to take
Place in a narrow region near the surface, throughout which concentrations

are uniform and governed by the equilibrium relation,

[HT]*
K/ = —————— (10)

[HT)*(1]*
where the asterisk signifies that the variable pertains to the surface

zone. The proton concentration, [H+]*, is governed by the partial pres-
sure of HF in the sparge gas and the solubility coefficient for HF,

[B¥)* = Ky B - (11)

The sparging rate and the HF partial pressure in the feed gas re-
mained constant throughout each run. Since tyoically about 10,000 times
the required stoichiometric amount of HF was passed, it may be safely

assumed that the surface proton concentration was constant throughout the
vessel and during the runs.
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LIQUID . GAS

7%

Surface Reaction Zone
Y + 17 - HI(Q)

Fig. 5. Model for Desorption of Iodide from Lithium-Beryllium
Fluoride by Sparging with HF.
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h A —7 RIV + [H}ng
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Note that the independent varieble is tlme, and that Mg the moles
of HF passed, is of significance only if it relates to the time required,
The two variables are directly related by,

[

\_RT

Equations (17) and (19) are consistent with the observed linear decrease
of 2n[I” ] with - shown in Fig. 3 for a typical run, Note also. that in
no way may the values at X/ and KHI be separately determined. = The ratio
K’/KHI may, however, be evaluated from a single batch sparging run from

Egs. (17) and (18) provided the mass transfer coefficient, h , and bubble

surface area, Ab’ are known. However, a superior way to evaluate this

.. s

parameter is given below.

2.2.2 Evaluation of K,/KﬁI

An accurate determination of the quotient K'/K'.HI may be obtained
from a series of batch sparging experiments at various HF partial pres-
sures from which the mass transfer effect may be eliminated by extrapole-
tion to zero HF pressure. For this purpose define a slope, m, of 2n[I”]
relative to the number of moles of HF passed,

- d fn ([I‘]/[I‘]o>

m (20)
A Ay
This slope may be related to the constant, C, which is the slope of
¢nlI”) vs time, by using Eq. (19); thus,
CRT
m = T - ‘ (21)
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Substituting the expression for C from Eq. {18) into Egq. (21)
yields, ) ' :

g V&Y
"o R

(22)

=R gl

The reciprocal of the slope, m, plotted vs PHF should be linear with
intercept (KHI/K’)(V/KHF). Similarly, the rate of increase of 1/m with
PHF is seen to be related to the mass transfer product, hmAb, in the salt,
the rate of increase being steepest when. the mass transfer rate is small.

It may be noted that m is directly related to the apparent equilib-
rium quotient, K{app’ defined for Eq. (3). Comparison of Eqs. (20) and Cjzo ,

(8a) indicates that _‘;E:;_

Kfypp =~ BV - (23)

To match the units used for Fig. 4, define

K{app -m (24)

where p is the melt density in kg cc and ﬁ is the mass of the melt in
kilograms. Substitution of Eq. (24) into (22) yields,

1 Kyr ¥ Qv
&~ o K BA RT#fPHF : (25)

Referring to Fig. 4, we see that in fact the data have shown the
linear relationship between 1/Q; and P - predicted by Eq. (25) _The

H -
intercept for the 33 mole-% BeF, line is seen to be 0 022 g-mole/kgq from
wvhich it is found that . i[
KHI : 10; mole>
"y '7 8 X 10 ( a’cm , fﬁx
%ﬁ

S S L
taking w/V to be 0.0020 kg/cc and K equal to 17 8“x lO 6 g/cc-aum appro-
priate for HF over L,BF, at 520°C. E—
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Note that K33 for reaction (11) given in Table 1 is equivalent to
KHI/K’ allowing for the different units. From the values of the constants
a and b given in Table 1, the value

7 -10 -m01e )
Kal 5.95 x 10 < ryron

is obtained at t = 520°C the temperature of the laboratory experiments.
The value of K31 dbtalned from Table 1 will be employed for the stripping
calculations in the following sections rather than the 1ntercept value
for KﬁI/K, primarily to obtain a proper temperature variability for the

iodine desorption reactions.

2.2.3 Comparison of hmAb with Empirical Correletions

In this section we seek to verify that the observed mass transfer
rates, as determined from the slope of l/Ql Vs PHF’ are in fact within
the range that may be anticipated in this sort of an experiment.

From Fig. 4 for LpBF, salt and Eq, (25) determine from the slope,

Qv
g 0.16 g-mole
h Ab RQ#! kg-atm *

The average value of the sparge gas flow was 3.12 cm3/sec, and teking the
salt density to be 0.002 kg/cm® yields,

- 3 /se
hmAb 0.15 cm®/sec .

In sparging experiments, experience has shown that bubble diameters
invariably range between 1/8 and 1/4 in.® Assuming an average dismeter
of 3/16 in. indicates that approximately 55 bubbles/sec were produced in -

“the experiment. The terminal rise velocity for a bubble.of this size is
estimated to be 29 cm/sec from the empirical equation applicable in the
intermediate range of bubble Reynolds numbers. Hence, each bubble resides
in the sparge vessel approximately 0.3 sec since the liquid height was
~8.6 cm, for total number of bubbles in residence of 55 X 0.3 = 17. Thus,
A.b is determined to be approximately 12 cm2, which results in a value for
b of 0.013 cm/sec (1.5 f£t/nr).
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..’Sc = 1700 and the 61ffusiv1ty,;g, toibe.1i3.X 1072 cm?/see, . yidlds Sh =

.
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An empirical equatlon for h for the case of swarmlng bubbles is
given by Schaftlein and Russel® to be,

Coo.o%z2] 1.61

T A NN
Sh = 2.0 + 0.0187 Rebo 484300 339 -;7;~—

. (26)

. ,—-'-* o, _____“____,,——v—-‘-"'_f / PR ..
For the present case,’ Reb 208 and db Q—fgﬂgg//‘Additionally, assuming

e et e e &

J— o

520, and thus, h = 0.014 cm/sec,f&-

The very close comparison between hm:agtermined;from the slope of
1/Q, vs Pop and that estimated from Eq. (26) is, of course, coincidentsal.
It is only significant that the two_va%ues_are not inconsistent, and hence
the observed rate of variation of the equilibrium quotient, Q, with HF
partial pressure may indeed be reasonably accounted for by the proposed
mechanisnm.

Further, we may note that trend of the slope in Fig. 4 with Bng con=-
tent in the melt is in the proper direction. Since the slope should vary
inversely with the mass transfer coeffic1ent 1n accord wlth Eq. (26),
increasing the BeF, concentration with the attendant rise in viscosity of
the melt should cause the increase in slope observed in Fig. 4.

Summarizing then, we may express some confidence that the mechanism
for desorption of iodine from LiF-BeF, melts is well understood. The ob-
served linear decrease of [I ] in the melt with time is in accord with
the postulated model, as also is the variation of 1/K{ with PHF in the
sparge gas, The value of the slope is consistent with estlmated values
of the mass transfer coefficient obtained from empirical formula for sparg- .
ing contactors., Finally, the trend of the slope with BeF, content in the

melt is consistent with the viscosity variation with increasing BeF, con-
centrations.

2.3 Chemistry of Todine Desorption in MSER Fuel

In this section some of the significant differences between the

chemical environment of lsboratory experiments and that to be encountered
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in the primary loop of a reactor will be discussed, While the iodine
stripping reaction from lithium-beryllium fluorlde melts appears to be
well understood, stripping from fuel salt presents numerous addltlonal
problems, Frequent reference will be made to the reactions and equilib-
rium constants listed in Table 1, which though pertaining spec1fically to

reactions involving L,BF, melts are not expected ‘to be greatly different
for MSBR fuels.

2.3.1 Maximum Allowable U*4/U*> Ratio

The behavior of iodine in an MSER, as will' be seen; should bBé strongly
dependent on the state of oxidation of the fuel. " This will 'be reflected
in the ratio [U**]/[UP*]). The upper and lower limits-of*this:ratio:in the
fuel circuit should be set by the following considerations:i (1) The con-
centration of Ni2* in the fuel, produced by the reaction®

2UA* + Mi0 = Ni2+ + 2U3* e (27)

probably should not exceed 0.1 ppm, to keep thé mess transfer of nickel
at acceptebly low levels. (2) The ratio [U3+]/[Pa4+] should not fall
below the limit set by the equilibrium

5/40(c) + Pah* = U* + 1/4U%* + 1/2Pag0s(c) - - (28)

otherwise Pay05 could precipitate at an even lower level of oxide con-
tamination than would U0z. (3) The ratio {U**]/[U**] should not fall
below the value corresponding to the equilibrium

w3 + %-00 = 3/4U%* + 1/4uCy(e) , o (29)

which results in the formation of a wranium carbide. Assuming that XU‘ =
0.003 and X, 4+ = 1.4 X 1077 (100 ppm) the equilibrium constants for
these reactions (18, 21, and 22 in Table 1) yield the following limits

for the [U4*]/[U?*] ratio over this temperature range expected in an MSER:
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Teble 1. Equilibrie Related to the Behavior of Iodine in LiF-BeF; {(67-33 mole %)
log K = a 4+ b (20°/7), (700 to 1000°K) - :

Reaction K T e Ty E‘;u;g-x" " 108 K{600%) Source®
() ’P(e)+ 1™ = F + (g) LIV IRT S, co 0.0 2.2 0.08 2.83 Pig. <
(2) mx(s) = 1(g) + M:(e) “’:“"n,’*‘l’m’ 235 . 438 0.02. - 2.6 JANAF
(3) 1(g) = 31.(g) (pzz)*/(pz) “2.7% 2,00 ... JARAF
“ ER(g) + 17 = I(s) + #:(s) (Pu,)"‘(PI)/(PB)(xI-).. ... . 24 .19 o.08 0,20 Q)+ (3)
(5) 1Ra(g) + U** + F~ = v** + BF(g) (Pe) (Ko )/(rxz)g(x‘-,‘.) Lo &0T 9,33 0.02 6,62 7]
(6) 1« fa(g) + V* = ¥+ + HI(s) (B V@ Hxdxu ) 43 mes oo -3.78 @) + (5)
(M) T+ vt = 0+ 1(e) (B 0y M () (Xpae) e.c¢ L2 0.09 - 6.22 )+ (3) + (5)
(8) s} = 1(a) 0 )/ e) - CUE eams T BT
(9) 1" « Ut = v 4 3(d) . ) (e M (%= )X ) - 2.23. 2.0 . -13.82 (1) + (3) + (5) + (8)
(10) EF(g) = & + ¥~ (%0 ) (5ge) -5.17 13 0.02 - 3.67 s
(L) mg) =8 +1° (X Y= )/ (2 ) -5.23 - L 0.08 - 6,50 -(3) + (20)
- 12) Ea{g) = BEa2(8) (g, )/ (3 ) “4,42 - 1.55 0.5 ~ 6.20 M
(13) $R2(2) + U** = V¢ 4 1 (xx.)(xu,.)/(ym)i(xu‘.J L - 725 0.3 - 7.19 (5) « (30) - $(22)
(12) zﬁ(g) + 1° = B2 + 2F + Ra(g) (Py, My 2 )/(r#)’ ~8.37 3.60 0.02 - «4.28 B .
(15) 2EF(g) + M == NiFy(e) + Rale) (P;lz)/pa. -8.67 - 5.67 0.04 - 2.8 B
(16) 2EI(g) + W° = W12* + 21" + Hy(g) (g, ) Xy 20 Y= )/ Py )2 -2.29 -u20 0.6 ~9.91 -2(2) + (22)
(17) 2I(g) + M° = RiIazle) + Ha(g) (e, MRy )? <g.2 +4,3 0.7 -3.5. xB
(18) §1© 4+ 2uts = owde 4+ 32t Otgy 20 (X301 (K002 “0.24  -15.06 0.06 ~17,48 2(5) + (12)
(19) f00z(c) +-Pa* = 0t + dPar05(c) (xu,,.)%/(xh,,) -5.92 % 7.01 0.12 2.09 RER
(20) Pu'* + Ut = pad* 4+ P (Xpgse H0Gg30 1/ (Xp 00 M) s -9.82 0.5 - 5.4 REB
(21) Fwale) + Pate = B0 4 U* + $Pag0s(c) ‘xo“)*(xu")/(xh") -0.03  -2.81 2.5 - 3.3 (29) + (20)
(22) v+ X% = 0t + B (e) . (ee )%/o%,,) ~2.16 6.05 27 T
(23) B 40 = 0+ dale) (Ryeo By I/ 000,20 1 e @) - ()

®JARAF: Values derived from JARAF Thermochemical Tables, 2nd ed., 1971,

LB; C. Long and F. F. Dlankenship, ORNL-TM-2065 1I, Novermber 1969,

EST: Estinated assuming that the solubility of I is similar to that of Xe, measured by G. M. Wstson, H. B. Evans III, W, R, Grines,
and N. V. Smoith, J. Chem. Eng. Data, 7(2): 285 {1962).

FS: P, E, Field and J. H. Shaffer, J. Phys. Chem., 71: 3212 (1%967).

M: Estimated by A. P. Malipauskes, es reported in MSR Program Monthly Report, September 1970, MSR-T0-79.

B C. K. Blood, ORNL-CF-61-5-4, September 1961, . . . o

XB: Calculated from anT Imr;(ch ® 23 & 2 keal (0. Kubeschewshi, E, L, Evans, w.4 C. B. Aleock, Metallurgical Thermochemes
4th ed,, Pergamon Press, 1967), &S » 35 e.u. (L. Brever, in “The Chenistry and Metallurgy of Miscellaneous Materials:
Thermodynamies”, L. L. Quill (ed,), pp. 76-192, McOrew-Hil), Nev York (1950),

REE: R. G. Ross, C. E. Bamberger, and C, F. Baes, Jr., .

T: L. M. Toth, p. 9, Reactor Chem. Div. Ann. Progr. Rept, May 31, 1971, ORNL~4717.
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[u+]1/[u3+]
Condition 550°C 700°C .
Xy; 2+ <0.1 ppm <1056 <104+ 2 . .
Pa,05 more soluble than UO» <1052 <1047
U3* does not react with graphite >102+ 5 >10%- 4

Thus it may be concluded that the [U4*1/[U?*] ratio should be held
within the approximate limits of 10%:5 to 1042, Since iodine stripping
is eﬁhanced in an oxidizing enviromment, it will be assumed here that the
Ut4/U*3 ratio in the primary loop is set at 10%, very near the allowable
upper limit.

2.3.2 Todine Species in Liquid and Gas Phases

From reaction [9], Table 1, we may determine that at 700°C,

[x1(a)

—_— = 10"12.2 U, -
[z7)(a)

where the symbol U is used for U*4/U*3 for brevity. Since the maximum
value for U has been established as apbroximately 10* for the MSER pri-
mary system, the ratio of atomic iodine to iodide is thus ~10"8 for fuel
salt at 700°C. At lower temperatures, the ratio is lower still, Molecu-
lar iodine will likely be present in still smaller amouhts due to the
extremely small concentration of iodine in the fuel, makiné aésociation
to I, an extremely unlikely event. Thus, we conclude that the only sig-
nificant species of iodine in the fuel will be iodide ion — as was the
case for stripping experiments using LiF + BeF, melts,
On the other hand, the off-gas composition will be quite different
since the carrier gas will undoubtedly be he}ium rather than hydrogen.
~Thus the fraction of iodine as HI will be smaller with;pyoportibnately
larger emounts of I(g). From the definition oféfhe-éqﬁilibrium constants
Kz and K3, it may readily be shown that the ;oncentrationzéf'atcmic iodine
in the strippiﬁg gas is given by, e
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< — 1 v//c><zgg-+ 1> + 8K RT (P/Q )

(z1(e) = — (30)
4 K§ RT

where P and Q » respectively, are the production rate of iodine and the
stripping gas volumetrlc flowrate. Steady state is presumed for Eq. {30)
v'to apply, in which case the ratio P/Q represents the total g-moles of
iocdine per unit volume of stripping gas for those isotopes that decay
slowly with respect to removal time. Thus Eq. (30) would apply to 1357
for removal times substantially less than 6.7 hr. 1:;”
Substitution of typical values into Eq. (30) shows that the scéond

term in the square root is small compared with the first which allows the
following simplification:

1
Fraction of iodine as I(g) = s (31)
/=
14V 2
X2
JE
Fraction of iodine as HI(g) = . (32)
Ha
K2 (l + _
Ky

Equations (31) and (32) are plotted in Fig. 6 vs hydrogen partisl pres-
sure. It is seen.that when PH2 is less than ~10-° atmospheres, iodine
exists in the purge gas primerily as I(g) when t = 1300°F. Lower tempera-
tures favor HI relative to atomic iodine. u

From the definition of K; we may write,
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Fig. 6. Iodine Species in the Stripping Gas as a Function of i—[ydrogen ‘Partial Pressure.

04

(Fraction Iodine as Ig) X 100

gc



29

k3 BT (P/Q,)
Fraction of iodine as I»(g) =

(33)

s 2

(o

X5

which is also plotted in Fig. 6 using ‘d ‘typical value of 10711 (g mole/cc)
. for P/Qg. The result illustrates th‘é%"wﬁ{ie'ffaé"séé{'éitioﬁ to I,(g) is
thermodynamically favored, the very léﬁ“éoﬁéénﬁféﬁions of "iodine allow
only small amounts of I,(g) to form. = L&w’ hyd¥ogen pressure and low tem-
peratures favor formation of molecular iodine.

2.3.3 Effective Solubility of Iodine in Fuel Salt

A convenient way of expressing the ease or dlfflculty with which

iodine may be stripped from fuel is by means of the effective solubility
coefficient defined by,

X I g-mole

= ) _ . (33)
eff PHI + PI cc-atm ° .

Thus Keff denotes the ratio oi iodide ion in:the melt in equilibrium with

the two significant species of gaseous iodine. Contrary to the solubility

coefficient for a single solute, which is a function solely of temperature,

the value of K of will be determined by ‘the chemlcal environment as well
The significance of K off 1BY be illustrated by con51dering a hyp0*

~ thetical counterflow stripping device in which the gas and liquld phases

are in equilibrium at the rich end. If solute free gas is assumed to

enter the lean end, then a mass balance ylelds the result *

»

= n KRT , . e (34)

2 bq@

*See Section 3.1.
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where the left hand side represents the ratio of the volumetric flows of
the gas and liquid phases to achieve a given stripping efficiency, 73, for
a given value of the solubility coefficient, K.,  Some typical values for
this relative phase: ratio at a 1000°K and 100% stripping efficiency are
given in Table 2. Note that for xenon, equilibrium requires only minute
gas flow; hence, the volumetric gas requirements for xenon strippers are
determined entirely by other considerations. . Even for a far more soluble
meterial like HF, stripping gas reéﬁifgmenyé are nqyugxcegsive from
solely a chemical equilibrium éoinf'qf Qigw. We shall see tggtfiqﬁine_is
far more difficult to strip than HF ﬁnder acceptable qé@@i@;ons;ip the
stfipping device, )

Table 2, Some Typical Values of the RAfio'Qé/qz

5_mole g LV z .
cc-atm for
n=1
Xenon : 5 x 1079 4 X 104

Hydrogen fluoride 5.5 x 1076 0.44

Thus the value of Keff’ together with the phéée flow ratio as deter-
mined from Eq. (34), is useful for scanning the range of permissible
variables for the best possible set of values. This is in no way a
stripper design procedure; merely a convenient way of~ini£ially selecting
some attractive operating conditions. '

In the laboratory experiments, where the formation of'i(g) was sup-
préssed by the use of hydrogen carrier gas, an expressio? for Keff may be

derived by simply noting that for the reactions

B+ I° = HI(a) , and (35a)

HI(d) = HI(g) . ‘ (35b)
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7= 1 T
The value for PHI is given by K/(x (8 ]. Here,
I
KHI E lﬂ%ligl , and
HT

EnETy
K/ TR -

Thus, Eq. (33) yields for stripping iodine from 1ithium-beryllium salts,

s

Retf ) (36)

where the protons are supplied by the dissolution of HF present in the
stripping gas.

A primary system iodine stripper presents a more complex chemical
enviromment than existed in the laboratory experiments. First, as already
noted, both I(g) and HI(g) exist in the gas phase whereas formation of
I(g) was suppressed in the laboratory. A second diffe:ence is the pres-
ence of U*% in fuel salt which may oxidize iodide via

I + U = 1(a) + U*3 , (37)

with I(d) subsequently desorbing,

I(d) = 1(g) . (38)

A third point of difference is that whereas protons for the reaction given
in Eq. (35a) were supplied solel& by HF in the stripping gas for the IL,B
experiments, fuel salt will naturally contain some concentration of pro=-
tons, depending primarily on the level of hydrogen inleakage into the pri-
mary system and the U*4/U*3 ratio of the fuel Figure 7 illustrates the
situation for stripping iocdine from fugllsalt. '

Thus, two eipressions may be obtained for Keff’ one for each of the
parallel paths for iodine removal: (1) reaction of iodide with HT and
desorption of HI, and (2) oxidation by U*% and desorption of I. For the
first case substitution of
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Fig. 7. Model for Iodide Desorption from Clean Fuel Salt.
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U
Par = K,[IK;IELJ:, ané

into Fq. (33) ylelds,

—— ) (39)

K’ [H) (2 +-

Keff .

Hg‘

Alternatively, the expressions

' may be substituted into Eq. (33) to yield a second expression for Kopp

1

eff 5 ’
Hp

K4U (1 N E

The two expressions for K pp &lven by Egs. (39)‘and (40) are in fact com-
pPletely equivalent, and despite the vast differenceg in value between Kg
and K. on the one hand the ratio K’/KHI on the other, both yield the same
.value for Keff' This results because the two paths for iodine removal
are not independent, but are in fact closely related by the requirement
that all species are in equilibrium with each other. Thus the value of
Keff’ as given by each expression, is simply a measure of tendency for the
fuel composition to evolve I as HI(g) and I(g).
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It is interesting to compare Eq. (39) with Eq. (36); which is the
expression for Keff appropriate-forvthe laboratory tests. Note that Kef
is diminished by the factor 1/(1 + Kz/,/%: ywhen helium carrier gas is
employed instead of hydrogen. This factor represents the degree of dis-
sociation of HI(g), which results in an effective reduction in solubility
of HI(d) by removal of HI(g) from the scene.

The proper value for the partisl pressure of hydrogen, which is re-
quirgd for estimation of Keff from either expressiéﬁ;mié not kné%ﬁ éf this

b

time; therefore, this quantity will be treated as a parameter. If the
main source of hydrogen in the primary system is inleakage from the source
in the steam generator through the secondary éystem, it is guessed that
the value of 3H2 will be rather low — in the range 1078 to 1076 atmo-
spheres. Higher hydrogen pressures have the advantage of lowering the
corrosion rate in the stripper. However, it is not known if.addition of
even small amounts of hydrogen to the stripping gas will be permissible
due to consequent‘dilution of tritium and possible adverse effects of

tritium control procedures.

2.4 Tentative Flowsheet for Iodine Removal

It is worthwhile to initially make some estimate of the degree of
iodine removal that could be achieved by using a neutrel stripping gas.
Here "neutral" is used in the sense that equilibrium contact with the gas
does not alter the oxidizing power of the fuel salt. As such, the contact-
ing gas must contain some H, and HF.

2.4.1 Todine Removal Using Neutral Stripping Gas

If it were possible to design an adequate iodine removal device
utilizing an inert stripping gas, there would result the obvious advantage
that no reducing contactor would be needed downstream from the stripper
to return the fuel to its original oxidation state. It is clear that a
- large removal efficiency could not be achieved in a nonoxidizing stripper,
but then a large efficiency is not needed., It should be recalled that
the target iodine removal efficiency for a combined xenon plus iodine

stripper is only 6%, which, together with a 63% xenon removal efficiency,
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suffices to yield a 1/2% poison level with uncoated graphite. The bypass
flowstream for this case is 8% of the primary ‘flow rate.

The degree of iodine removal using inert stripping gas may be esti-
mated as follows: Taking the fuel salt to be as oxidizing as permissible
in the primary system, and assuming some value of PH , the variation of
which will be examined parametrically, the proton concentratlon in the
fuel may be calculated from the value of K33, the equilibrium constant
for the reaction, '

23 ,
H + U3 = U4 + 1/2 Ha(g) .

Keff may then be evaluated using Eq. (39), obtaining values for K4 and
K{; at the given temperature from the constants given in Table 1. (Note
K{; is equivalent to KHI/K' ) From X ofe? the ratio of gas to liquld flows
required to achieve the required 6% stripplng efficiency may be calculated
by using Eq. (34). Flnally, the partial pressure of HF whlch would render
the gas neutral with respect to fuel salt may be estimated from [H ] and
Kyp (K{o in Table 1). |

Table 3 lists some effective iodine solubilities and phase flow rates
to yield a 6% iodine stripping efficiency for an assumed Ut4 /u*3 retio of
104, Values are given for t = 1300°F; poorer results are obtained at
lover temperatures. We note reluctantly that the effective sqlubilltles
of iodine in contact with neutral stripping gas'are quite high, necessi-
tating use of excessive gas flows to achieve QI'= 6%.‘ Thus, an oxidizing
iodine stripper appears to be required, necessitating also the use of a

reducing unit to return the fuel salt to its original oxidizing state.

2.4,2 Oxidizing Stripper for Xenon and Iodine Removal

We will now asseme that the fuel salt is brought in contact with an
oxidizing stripping gas to enhance the tendency fef iodine removal. Pro-
tons for formation of HI in this case are provided by HF present in greater
concentrations ‘than in the previous section where neutral conditions were
assumed, In addition to oxidizing iodide ion, the stripper will oxidize
some portion of U*3 to U*4; thus HF will be consumed and Hp produced in
the stripper.



36

Table 3. Values for K.es and Q,/Q, in a Nonoxidizing
Strlpper at Various Assumed Hydrogen
Partiel Pressures: -

Conditions: U*4/U*3 = 10%, ¢ = 1300°F

§:# Frr o Kege Qt"/"q" for
(atm) (atm) (g-mole/cc-atm) : 6%
1078 3.3 x 106 0.54 ' .. 2600 .
1076 3.3 x 1073 0.49 2400
1074 3.3 x 1074 0.24 1100
1072 3.3 x 1073 0.041 200

' Particular attention must be paid to the ox1dlzing power of the fuel

leaving the stripper. It is necessary to assume that in this localized
region of the primary system, the fuel is permitted to become more oxidiz-
ing than for the primary system as s whole. However,'it is not clear how
oxidizing it may be allowed to become. Most likely, Pa,Os solubility
effects would not play a role here since the greater Biiﬁizing §ower of
the fuel is not permenent, and any P,05 induced to prééipitafé}in the
stripper will tend to redissolve in the reducing unit where the original
oxidizing power is restored. Thus the sole llmltatlon on nmximum allow-
able U*4/U*3 at the exit of the stripper is placed by the need to limit
corrosion in that locale to acceptable levels. For the sake of being
specific at this time, we will assume that the maxiﬁum oxidizing poﬁer at
the exit of the stripping unit will be such that the equiiibrium‘value of
[Nit?] will not exceed 10 ppm. This is a factor of 100 higher than per- .
mitted for the primary loop as a whole. It should betemphasized, however,
. that this is 'simply the equilibrium value and nbt the'écfﬁallaverage Nit?
content of the bypass flow in this region, since it is not likely that
equilibrium would be attained throughout the liquid with such a limited
contact with the wall. ’

Some computed results for various assumed striﬁping conditions are

tabulated in Table 4, The first three columns are assumed@ conditions of

temperature, hydrogen, and HF partial preésures. Values of PH2 in the



Table 4. Computed Conditions for a Combined Xenbn-Plus-Iodine
Stripper Using an Oxidizing Stripping Gas

Assumed Conditions : Az .
Keff Q /Q for PPM Ni in Equi-
P P Ut4/ut3 at £STP HF Consumed —mole g’ 8 librium with -
t Hp Hp Stripper Exit in Stripper/Sec (%—aﬁ) I~ 6% yte /U'"3 at Exit

(atm) (atm) of Stripper

1300°F 1078 0.1 3 x 108 0.098 1.8 x 1073 0.086 62,000
(978°k) 0.01 x 107 : X 1074 0. 86 620
1300°F 10°6 0.1 3 x 107 0.098 1.6 x 1074 0. 78 620
-+(978°K) 0.01L X 108 X 1073 7.8 6.2
1300°F 1074 0.1 3 x 108 0.098 8.1 x 1074 3.9 6.2
(978°K) 0.01 x 10° x 1073 39 0.062
1300°F 10™2 0.01 3 x 10% 0. 065 1.3 x 1072 65 6.2 X 1074
(978°K) C

1050°K 1078 0.1 1.2 x 10%° 0.098 4.7 x 1075 0.2 2.5 X 10°
(839°K) 0.01 x 10° . X 1074 2.0 2500
1050°F 1076 0.1 1.2 x 10° 0.098 2.2 x 1074 0.9 .. 2500
(839°K) " 0.01 - x 108 "% 1073 9,0 .25

1050°F 1074 0.1 1.2 x 108 0. 098 5,2 X 1074 2.2 25:
(839°K) 0.01 x 107 . _ x 1073 22 0.25
1050°F 1072 0.1 1.2 x 107 0. 098 5.8 X 1074 2.4 0.25
(839°K) 0.01 X 108 x 1073 24 . 2.5 x 103

L€
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range 1078 to 1076 may be anticipated from steam generator inleskage,

the stripping gas. For each temperature'and'EHz,'HF partial pressures

of 0.1 and 0,01 atmospheres were assumed. R

The fourth column of Table 4 lists the values for U*4/U*3 expected
at the stripper outlet for the various assumed conditions. This may be
computed from, B

(41)

<[U+4]> Kb Kp By

3 /B
(vr2] stripper outlet Hs

where the product KHF PHF represents the proton concéﬁtration in the
stripper. We note that the main advantage in higher H; partial pressures
is lower U*4/U*3 ratios at the stripper exit for a given value of Prpe
However, K43 increases rapidly as the temperature decreases; hence the
computed U*4/U*3 ratio is quite a bit higher at the lower temperature,
The fifth column lists the rate at which oxidizer is consumed by its
reaction with U*3, This value, which is also twice the rate of hydrogen

production, may be computed from the balance equation,

Ve

gmOle 143 1idized to U4 = QU, (& — ———> , (42)
sec £t \Uz Kby K., P
3 Kpp Py
where Uy is the total uranium concentration of the fuel, U, the U*% /U3

ratio at the fuel inlet to the stripper, and Qz.the liquid volumetric
flow rate. For all cases except one the HF consumption rate is constant
at 0.098 BSTP/sec since for all cases essentially all U*2? is converted
to U*% in the stripper.

The sixth and seventh columns list the values for X

eff
quired value for Qg/Qg in order to attain 6% stripping efficiency for

and the re-

iodine. Here we note that high temperature and HF partial pressure en-
hances stripping while increased H, partial pressure has an inhibiting
effect. The last column lists Ni*2 concentrations in the fuel which would
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be in equilibrium with conditions assumed fo¥ each case. * Here hydrogen
has a beneficial effect in reducing Ni corrosion. It is interesting that
lowering the temperature does not yield theé expécted benéfit of lowering
_the rate of corrosion. This comes about because the reaction

23
U + B = U4 +1/2Ha(e)

goes to the right with diminishing tempevatire,” which more than compensates
for the inhibiting tendency of lower temperatures on the corrosion reac-
tion. 7

2U4 4+ N1 = 203 + Nit2,

It is judged that the case 1nd1cated by the arrow in Table 4 repre-
sents the best compromise between required gas flows and nickel corros1on
rates.

Note that 0,098 £STP HF/sec are consumed in the strlpper to oxidize
the major portion of U*3 to U*4, This amounts to 4ot X 10'3 gmole/éec
rate of HF addition.” An equal reductant addltlon rate must be applied to
the fuel salt somewhere in the primary system to malntaln the U“'"/U+3
ratio at the desired level. This reduction step is a key feature in
I-removal analyses from the MSBR and requires more detalled consideratlon
than is given to it in this study. Summarized below are four p0551ble
approaches to the problem of adding reductant

2.4.3 TReductant Addition for Maintenance of Initiel U*4/U*3 Ratio

1, Addition of Li°~Be°-Th°. If metalllc lithium, beryllium, and
thorium are dissolved in the fuel salt at the follow1ng rates,

gn/sec Li° = 0.014,
gm/sec Be® = 0.0041, h
gm/sec Th° = 0.081,

the effect of HF addition in the I + Xe strippef'is counteracted and the
initial molar ratios of Li, Be, and Th are left unchanged. An equal rate
of Li, Be, and Th must be removed from the fuel salt to maintain the ini-

tial concentration of uranium. This may be easily accompllshed by tapping
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the LiF, BeF,, ThF, stream in the chemlcal proce351ng fac1lity; At this
time recovery costs are higher than storage costs, hence under present
c1rcumstances, the metal added for reduC1ng purposes would not be Te-
covered, The incurred cost of reducing the fuel salt 1n thls way would
be the sum of the cost of the metal feed plus the added cost of vaste
storage.

2. Addition of Li°-Be®. ' The required rate of reductant addition
may be achieved by addition of lithium'gpg_beryl;ium metal at the ﬁg;low-

ing rates:
gm/sec Ii° = 0.021,
‘gm/sec Be® = 0.0061.

The above rates have the effect of maintaining the original molar ratio
of Ii to Be while reducing the concentrations of Th and U. However, the
low rates of reactivity loss that are incurred make thé scheme worth
considering. It is estimated that reactivity will be lost at a raté of
6.1 X 1075-% 8k/k per hr due to the above rates of Li° and Be® addition.
This rate of reactivity loss would equal the worth of thé control rods in
about six years of reactor operation. The advantage of this scheme over
the previous one is that no added waste Storage costs are incurred. - Also,
the reductant feed is less expensive per unit tinie than whén Li®-Be°-Th®
are added.

3. Hydrogen Addition. This would have the virtue o6f achieving the

required reduction with no added waste stream and with no alteratidn of
fuel composition. A complete analysis of the féasibility of hyd¥ogen
addition, however, is a formideble task in itself, which is beyond the
scope of this report. Experience in the Chemical Technoloé& Div151on in-
dicates that Hp addition is not easily achieved, and may entail the use
of contactors comparable in size to that required for I removal.

4. Addition of Zr°. Zirconium metal added at the rate of 0.1 gm/sec

would achieve the required reduction rate, If left in the fuel this would.

be equivalent to adding a neutron poison of approximately 6.0 X 107°-%
8k/k per hr, i.e., roughly the worth of the control rods in 208 days. Al-
ternatively, Zr may be removed in the chemical processing facility. How-

ever, in so doing it is replaced by an equal number of equivalents of
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Li + Be + Th, which must be discarded if the initial fuel composition is
to be maintained. Thus when Zr is removed in the chemplant methods 1

and 4 represent approximately equivalent processes.

2.4.4 Flowsheet for Xenon and TIodine Removal

A preliminary flowsheet for Xe + I removél-is showh;in Fig. 8 based
on conditions in the stripper designated by the arrow in Table 4 and the
. means of fuel reduction designated as Case 1 in the above section.

No serious attempt has been made to calculate the heat source in the
stripping gas system; however, if iddine is rémoved from the primary sys-
tem at a rate equivalent to a one hr tiﬁe constant, the heat load due to
decay of iodine isotopes is estlmated to be in the order of 3 MW. Since
some unknown fraction of the bromlne in the fuel will evolve with the
iodine in the stripper, perhaps an‘addiplonal 3 MW will accrue from that
source as well. It is intended &t this time merely to indicate that heat
removal from stripping gas is necesséry to maintain acceptable tempera-
tures and that the heat removal rate is on the order of 6 MW.

The iodine evolved in the stripper will be in a highly reactive
form — HI(g) and I(g) will react with all but the noblest of metals,
Hence, it will probably not be possible t0 localize iodine adsorption in
some designed chemisorption bed; nor would such appear to be desirable in
view of the heat load on the bed that would have to be dissipated. Thus,
the stripped iocdine will most likely distributedenerally on metallic
surfaces throughout the gas system including the walls of the stripping
unit where it will reside most likely as NiFI(c) until decay to xenon and .
subsequent evolution.

2.4.5 Required Stripping Gas Volume

The concentration of xenon in the stripping gas must be képt suffi-
ciently low by decay or by xenon removal from the gas such that_éufficient
driving force for xenon removal from fuel salt is maintained in the
stripper. How low is "sufficiently"” low can only be determined by a cost
optimization procedure that balances the incentives for a high xenon re-
movel driving force, namely smaller stripping unit, lower liquid holdup,

against the costs of achieving low xenon concentrations in the gas system.
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Such a cost calculation can- only be reallstically attempted when the sys-
tem design is much further along.u However, in this regard the following
considerations came to mindy T e

1. Since the stripping gas system must necessarily be large due to
the large anticipated flows, unit sizes and interconnecting pipework, it
appears to be logical to give prime eonsideretiqn to 13%Xe decay as the
principal means for xenon removal. Under these circumstances, xenon re-
moval to charcoal beds would likely_yevguite expensive since the size of
such beds is approximately proportional‘to%thé?volumétric throughput, and
substantially higher throughputs would be requlred than for the present
MSER reference design.

2. It has been Jjudged that “the ‘off- gas system ‘for the MSBR refer-
ence design is near optimum cost when the xenon concentratlon in the gas
is mainteained at 10% of the value vwhich would be in equilibrium with the
fuel salt at the desired 1/2% poison level. =

3. When lower xenon concentrations 1n the gas phase are resorted
to, it is possible that some hlghly advantageous strlpplng schemes becone
feasible — as will be more fully described in the following section.
However, for a combined xenon-plus-iodine stripping device such as is
presently considered, undoubtedly iodine:stripping will be the limiting
factor in the design, in which case there would be no advantage in main-
taining extremely low xenon levels in the ges phase.

We thus tentatively conclude that the gas phase xenon concentration
in the combined xenon-plus-iodine stripper be maintained at 10% of the
equilibrium value existing at the 1/2% reactor poison level, and that
135¥e decay be the principal method of removal from the gas system. A
required gas system volume of approximately 4600 £t may then be readily
estimated, a value which applies to the case of uncoated graphite in the
core, This is about equel to the present MSBR off-gas system volume in-
cluding the drain tank, long delay and 48—hr.recycle systems. Some key

intermediate values in this caelculation are given in Table 5.
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Table 5. Computation of Required Gas Volume in a Combined
Xenon-Plus-Iodine Strippér that Allows [Xe]g to be
Maintained at 10% of the Equilibrium-Value for =
1/2% Poison Level and Uncoated Graphite

135%e production rate, g-mole/sec S e Yk % 1076
0-135 at 1175°F, berns R Cooe TU0L X108
A-135, sec™! o SR 2.09 x 10-3
g-moles 125Xe in primary system'at’éteady‘stéte O 025
with no removal; ~5% PF P .
[137Xe], in fuel salt assuming 95.7% resides L 2.2% 10"11
in graphitea at 5% PF, g-mole/ce o
[*3%Xe], in fuel at 1/2§ PF, g-mole/cc 2.2 x 10712
[*3%Xe]g in equilibrium with [Xel, = 2.2 x 10712 2.7 x 1078
g-mole/ce - o
Sd 104 of above [Xe]g, g-mole/cc o 2.7 % 10™°

Required gas volume = production/A. [Xé],, f£t* 4600 Tt3

®5ee Section 3 of "Design Basis Report" by
R. J. Kedl (to be published).

2.4.6 Flowsheet for Iodine Removal Alone -

The above section pertains to a combined xenon-plus-iodine stripper
where 8% of the primary flow is diverted to a stripper that removes 63%
of the xenon and 6% of the iodine throughputs sufficient to accomplish the
objective of l/2% poison level., An alternative scheme would divert a
smeller bypass flow through a device that would be primerily an iodine
stripper, though it would 'also remove essentially all of xenon thrbtghput.
Some supplementary xenon-removal method would be required in this case to
reduce the neutron poison to the desired level since the lowest possible
~leve with iodine removal alone is ébout 0.9%. Though the combined xenon-
plus-iodine stripper seems at this time to be the mrre ad&antageous scheme, ¥
the iodine stripper concept has the inherent.advantage of requiring a
smaller liquid throughpﬁt. Thus the required reductent addition rate is
correspondingly lower, as is probably also the iiquid holdup in the
stripper unit as compared with requirements for Xe + I removal.

¥This view is nollonger held.: See Summary.
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As indicated in the Introduction, an iodine stripper that accepts
a bypass flow equal to 0.8% of the primary and removes 60% of the iodine
throughput would capture the bulk of the 13T born in the reactor before
it can decay to '?%Xe, Thus the iodine stripper has 1/105the liquid flow
and approximstely 10 times the iodine efficiency of the ccmbined xenon-~
plus-iodine device, The required reductant addition rate therefore is
l/lO the value shown in Fig. 8 for the combined Xe + I remcval scheme,

If the same gas composition is used in the iodine stripper as was
selected for the I + Xe removal case where only 6% iodiné removal effi-
ciency was required, then in order to achieve the 60% efficzency desired
for iodine removal alone the relatiye gas‘flowrate must be increased.

The factor of 10 increase in efficiency~may be achieved by increasing the
relative gas flow by the same factof. However, since the liquid stream
is now only 1/10 as large, the sbsolute: value of the stripping gas flow
is the same for the two cases. . '

Thus we arrive at the tentatiﬁe'fiowsheet for iodine removal alone
shown in Fig. 9. The gas system is identical with that shown in Fig, 8
for combined Xe + I removal while liquid feed and reductant addition rates
are 1/10 as high.

2.5 Iodine Transport to Graphite

We will now attempt to verify the assumption, which has thus far been
implied, that iodine transport to even uncoated graphite will not be a
significant factor in determining the 125Xe poison level im the MSER.

Todine may enter the graphite as HI(g) or I(g) formed at the graphite
boundary by the reactions,

B + 17 = Hi(g) , or | (43)

U T = I(g) + UL o (@)

Additionally, the vaporization of volatile halides may play a role in
iodine transport into the graphite.
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2.5.1 Todine in Graphite as HI{g) and I(g)

From the definition of K{; in Table 1 we may write the expression
for [HI}G, the concentration of HI in the graphite pores which is in
equilibrium with [I ] and [H+],the iodide and proton concentrations in

the fuel, via oxidation reaction Eq. (43),

[H*)[1)

(44)
The proton concentration is a function of the U*’"/U+3 ratio in the melt
(written below as U) and whatever value is the effective partial pressure
of hydrogen, Thus,

“PH2 U

(E7] = -—;Z-—- ' (45)
K43

where the equilibrium constant, K43, pertains to the reaction,

23 )
H + U3 = 0% + 1/2 H(g) , (46)

and is defined by,

Kog 8 — /. (4’7)

The dependence of K3 on temperature may be determined from Table 1 by
combining reactions (12) and (13) to yield

3
Ka3(T) = 1.11 + 8.02 '0—'%—)' = (48)

If we now conservatively assume that the entire graphite pore volume,
Vé, conteins the concentration [HI]G’ which is in equilibrium with fuel

volume, V,, combining Egs. (44) and (45) leads to,
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VG[HI] v A

v, 1] KL XL R, | “2)

However, at low values of PH2 most of the HI(g) dissociates to I(g),
where the concentration, [I]G, is given by,

Kg[HI]G
[1), = —2 (50)
Hp
Combining Eqs. (49) and (50) yields the desired result,
VG(wI]G f [I] (J_2 ¥ K”) K{; K45 BT K£ RT XG (51)
v, (1] 1%a3 £ ,

‘where the ratio on the left is the iodine conmtent of the graphite as I(g)
and HI(g) relative to the total iodihe contained in the fuel. Values of
this ratio are given in Table 6 for several assumed hydrogen partial
pressures. The pore volume, V,, was taken to be 570 £t, which is 10%
of the total graphite volume. The fuel was assumed to be as oxidizing

as permissible in the primary circuit, and the temperature 1175°F (908°K).

Table 6. Ratio Iodine in Graphite as HI(g) + I(g)
to Todine in Fuel Salt Assuming Interphase
Equilibrium as Per Eq. (51)

Conditions: = 908°K
Graphlte porOS1ty 10%
Ut4 /Ut = 104 :
Hydrogen Todine in Graphite as BT + I
Partial Pressure 2ne Igdinzpin ; ai
(am) ue.
1078 1.1 x 1076
1076 1.3 x 1076

1074 3.8 x 107
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In fact there will be far less iodine in the graphite than indicated
in Table 6 because of the time required for diffusion into the inberior
pores. 12°I decays as it diffuses, hence the equilibrium concentration
will not be reached. Some idéa of the ratio of actual 135T [as I(g)and
HI(g)) to equilibrium content of gfaphite may be ascertained from the
calculated 12°Xe distribution between fuel and graphite given by

R, J. Kedl.* For uncoated graphite at infinite removal time the ratio
is given as:

135%e in graphite _ 4.8

= = 56 .
135%e in fuel 0.086
The equilibrium ratio may be computed from ;
135 Ve L1 ,
Xe in grephite _ G- =.1.3 x 103 ,

135%e in fuel v, K BT

which is obtained by using Ky_ = 3.5 X '1079 ‘g-mole/cc-atm at T = 908°K
(1175°F). Thus the actual to equilibrium ratio for 135%e is 56/1.3 x 103
or 4,3%, Assuming HI and I diffuse about ds rapidly as Xe, the actual
iodine content should be somewhat lower since }3°I decays more rapidly
than 135Xe. We may thus conclude that the 25T content of the graphite
(as HI and I) will be sbout a factor of 30 lower than the equilibrium
values given in Table 6, which brings the ratio qf I in graphite to I in

fuel down to about 4 X 1078 for PH2 <076 atm.

2.5.2 TIodine in Graphite Due to Halide Volatility

Tt may at first appear strange that volatility effects need to be
considered at primary loop tempéfatures; howéver, observation of the
values given in Table 7 for the vapor pressures of scme pure halides at
1000°K indicates that this is indeed the case.7’3$ Some rather volatile
biodides may be formed in MSBR fuel.

*Report to be published.
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Table 7. Vapor Pressures of Some Pure
Halldes ‘at 1000°K

Vapor Pressure -
Halide . at 1000°K .. Source

(m He)
Zri, 2.3.x.10%. 8 -
BeI, 12,000 .. .. b -
BeFI 100 c
IiT 2.5 d
BeBr> 9300 .. e
LiBr 0.62 d

a — Ref. 7 for zZrI,(s), extrapolated
from s.p., 772°%K.

b —- Ref. 7, extrapolated from b P.,
760°K. '

¢ — Calculated from AG° for Béxz(é)
and BeF,(g) given in Ref 8.

See text.
d — Calculated from AGC data ‘given in
kg
Ref, 8. o
e — Ref. 7, extrapolated from b.p.,
803 °K.

The partial pressure developed by a particular specie dissolved in
the melt depends not only on its inherent volatility but also by the con-
centration of ions that form the molecule, and the extent to which it is
bound by the liquid. For example, consider the case of Beis which may
be thought of as evolving in two steps, '

-1 2
Be*? 4+ 2T = BeIp(d) = Belp(g) , . (42)

vhere step 1 symbolically represents the ﬁrébability that two iodide and
one beryllium ionsexist adjacent to one another, while the extent to
which step 2 proceeds depends on the volatility of BeI, and the degree to
which it is bound in the liquid. For step 1,
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XBeTs(d) .. )
K 5 43
(Be“)(’%)
For step 2,
P
(44)
( BeIgj{%BeIz(d)>
Combining Eqs. (43) and (44) yields,
- PBeIg Lo
KiX, (45)

(s (e T )

where the product K 1 K 2 may be identified with the vapor pressure of

pure BeI,(2), P BeI (2)° Hence, the partial pressure of dissolved BelI,
mey be written,

Phe1, (BeIzIXBe“X "(Belz(z)\) (46)

Since the value of XI is estimated to be about 8 X 10‘9 with iodine
being stripped at a rate equivalent to a l-hr removal time, it is clear
that the necessity that two iodide ions meet to form BeI, drastically re-
duces its anticipated partial pressure. Similarly, the anticipated par-
tial pressure of ZrI,, which is inherently highly volatile, will be van-
ishingly small since five fission product ions must come together, the
probability of this occurrence being given by (X *4)(XI 4.

- We will thus assume that the iodides which most likely possess sig-
nificantly high partial pressures are the ones that contain only one fis-
sion product atom. This restricts our interest to LiI and BeFI for the
present, -

We will agafn conservatively assume that the graphite pore space is
in equilibrium with the fuel salt with respect to the dlstrlbutlon of LiT
and BeFI, in which case we can write the ratio,
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g-moles IiT + BeFI in graphite _
g-moles I" in fuel B

O 1) G ) =) (B 1) + (e Y (Xp2) G0 (B 1)
Y ' ' QE
X 7 ]

» (47)

vhere V; has the value of 20 cc/g-mole of fuel. Note that XF-, the frac~
“tion of anions that are F , is taken as 1. Data presented by Smith,
Ferris, and Thompson® and by Hitch and Baes,'0 and calculations by Baesll
indicate that the activity coefficient for BeF, is 0.15 for a fuel of
approximately MSBR reference composition. We will therefore assume that

also Y BeFT = 7Bng = 0.15. Values for Y14 2Fe estimated to be 0.5 and
ve will assume this value for ¥ .. Rewriting Eq. (47) yields,

g-mole LiI + BeFI in graphite

=

g-mole I  in fuel

v, n

o o :
O 13 7%04+Praw * 7 Berr¥Be* PPRerr) 2= (48)
£ RT
The value of PziF at 1000°K may be obtained from the relation
o
o Misg .
B = —, - (49)
RT

where AG?O, the free energy change for the reaction

iI(s) = 11I(g) , | (50)

. O
may be obtained directly from the JANAF tebles.® Similerly, Fj
. obtained from

oFT is

LGs2

in P = - ' (51)
BeFI RT

where AGgg is the free energy change for the reaction
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1/2 BeFp(2) + 1/2 BeI(2) = BeFI(g) . (52)

Since the specie BeFI(g) is not listed in the JANAF tables, its free.
energy of formation was estimated as being the average of free energies
of formation of BeF»(g) and BeI»(g) which are listed.* This procedure
yields AGC = — 116.115 keal/g-mole for BeFI(g) at 1000°K which, together

f

with AGf data given for Bng(z) and- BeIo(2), yields the value for PBeFI
given in Table 7.

Substituting the known values into Eq. (48) yields:

g-mole (LiI + BeFI) in graphite

— - = 4.5 % 1077 (53)
g-mole I in fuel -

in which the ratio ILiI(g)/BeFI(g) is about. 3/4.

Thus we may conclude that volatile .iodides do not move into the
graphite in sufficient quantity to significantly affect the estimation
of the 1?7Xe poison level. It is interesting, however, to compare Eq. (53)
with values given in Table 6 for the distribution of iodine as HI(g) and
I(g) between fuel and graphite. Of.thé iodine that does enter the gra-
phite, approximately 1/6 does so by volatility of LiI apd BeFI.

3. XENON AND IODINE STRIFPER IESIGN

3,1 Design Theory for Henry's Law Gas of Arbitrery Solubility

In the previous section it was shown that the total partial pressure
exerted by the volatile iodine species HI and I may be directly related
to the iodide concentration in the melt via the factor l/Keff, vhere the
solubility coefficient, K_.. (g-moles/cc-atm), depends on the chemical
environment according to Eq. (39) or Eq. (40). Thus, this situation has
the formalism of a Henry's Law gas, and the stripping theory developed °

*This approximation was checked for BeFCl(g) at 1000°K with the

following result: AGS = — 142,514 (tabulated).

f
AG; = — 140.876 (average of 2GS

T for BeF, and 'BeClz).
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for that case (e.g., see Coulson and Richardson®?) may be applied, so
long as it may be assumed that Keff is consfant”thfoughout the stripper.
This theory will be reviewed briefly here since .there are & number of in-
teresting implications for iodine stripping-

It will be convenient first to have an expression for ng;wthe mj.ni~
mum volumetric flow of stripping gas required for a particular: stripping
efficiency, n, and liquid throughput, Qﬁ. Referring to Fig.: 10; an iodine
mass balance may be written, R

OGlile = o ') ()

where the lean gas is assumed to be completely devoié'éf iodine, the sub-
script 2 refers to the rich end of the stripper, and the symbol [Ig],
signifies the totel concentration of gaseous iodine as HI and I. - The
minimm gas flow would occur when the gas and liquid phases at the rich
end are in equilibrium; i.e., when

PI
[T)e=-=, (56)
RT

which, when substituted into Eq. (54), yields the minimum gas flow rate,
ng = Keff RT'QE ' (57)_

Flows of ng are required for equilibrium. However, if infinitely large
contactors are to be avoided, gas flows must excegd ng. Alternatively,
it may be said that when Qg = ng, the'number of transfer-unitg, NL, is
equal to infinity; as Qg increases above ng, the number of transfer units
of separation decreases.

We will now derive the relation between Qg and NL; Referring to
Fig. 10, we may equate the loss of iodide from the liquid flow across the
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Fig. 10. Flow Schematic for Countercurrent Stripper.
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differential distance, dz, to the rate of iodide transport to the surface
of the liquid. Thus, if resistance to transfer resides primarily in the

liquid, . _ _
ka ([I ] = (T }*)A dz = — Q,d r]. (58)

Equation (58) applies particularly to & packed column, but with minor
changes the following development may be applied to any counter-current

"a" is the packing surface area per wnit volume

contactor. The quantity
of column, and "A" is the cross-secticnal area of the column. ky is the
mess transfer coefficient which is completely equivalent to h.m used in

other portions of this report; however, k. is traditional for packed col-

L
umns, [I”] is the bulk liquid concentration of iodide at elevation z and
[I”)* is the value of [I”) at the liquid-gas interface. Rearrange and

integrate over the length of the column, Z; 3 @ 4 f £¢

[17) - I
q, e afr’) (;‘

Z = f : A (59)
k a A - - ..!J
- 3= 1T % ~
L -y, L1 1 ] s
: . D
o
The factor, 3
Qz
A (60)
is termed the height of a transfer unit, while the integra;,
[tz apry
N, = [ ; (61)

' (171, [I7) = [17)*

 is the so~called number of transfer units - the value of which indicates

the degree of separation. Note that for a highly insoluble gas and liquid
film controlling, [I]* goes to zero, which results in

[T,

N, = i (62)

11, .
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When there is significant gas solubility an expression for [T7]*
mey be obtained from an iodine mass balance over the bottom end of the

columns. The gas phase iodine concentration at elevation, z, given by,
Q‘z . i .
(£ 1(z) =5=({17)(z) — [T ]1>, , _ (63)
g %, |

is in equilibrium with [I” ]%(z), the liquid surface concentration at that
elevation. Hence,

[I7)1%(z) = Kepr [Ig](z) RT , | (64)

Substituting Eq. (65) into (61) and integrating yields after rearranging,

1 (1— (e /Q,)
g0 g
N = in ) (66)
LT T PN, |
where ng is the minimum gas flow requirement given by Eq.'(57). It may
be shown that the value of NL when ng/Qg = T which is indeterminate
in Eq. (66), is given by

T
N, (Q/Rg » mp) = T ol (67)
For infinite stripping gas flow,
N, (@, /Q, = 0) == tn (1 - n), (68)

¢

which is equivalent to the expression given in Eq. (62) for the casé of
a highly insoluble gas. ? '
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Ny is plotted in Fig. 11 vs the ratio Q_ /Q, for three values of
the stripping efficiency. Most noteworthy is the observatlon that when
only small stripping efficiencies are called for, as in our case for io- .
" dine in the combined Xe + I stripper, stripping gas £lows only slightly
in excess of equilibrium requirements serve to dramatically reduce the
velue of NL' Thus, to achieve 6% iodine stripping in the Xe + I stripper
which would as indicated in Table 4 call for an equilibrium flow of

at our selected design conditions, we may be increasing the gas flow to
only

Q
—Q-5=8.l
2

reduce the number of transfer units of separation to

NL = 0.2 .
The implication is that this is a quite small degree of separation and
could be easily achieved by almost any reasonable contact.
For the case of iodine stripping alone an efficiency of 60% was ten~-
tatively selected, operating on a liquid throughput of one-~tenth that con-
templated for the combined Xe + I stripper. If the chemlcal environments

are the same for both cases, i.e., equal values for Keff’ then for iodine

stripping alone equilibrium demands,
Q
—£° - 78,
Q£

Equation (66) and Fig. 1l show that increasing the gas flow by 20%, i.e.,
to

Q Q
£ - 93.6 at 82 = 0.8,
3, q,
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serves to reduce the required degree of separation to

NL =2,

In summary, the combined Xe.+ I stripper requires one transfer unit
of xenon separation and 0.2 transfer unit of iodine separation to carry
out the objective of 63 and 6% xenon and iodine removal, resﬁéctively.

For iodine stripping alone we may anticipate a requirement of ~2 transfer
unité to obtain the desired 60% stripping efficiency. These all represent
rather modest degrees of separation, which could be attained by almost any
type of contactor. Hence, selection of the type of contactor may freely
be made on the basis of its other desirable characteristics 4.low liquid
holdup and low gas pressure drop possibly being the two most important.

The following sections describe some speculative stripper designs for
these two cases, The word speculative must be emphasized. It is merely
intended to show that there are a number of design approaches that offer
reasonable opportunity for achieving the desired separations in a fashion
that may be acceptable for the MSHR primary loop. Almost all stripping
experience has been with aqueous solutions, and meny of the empirical
equations used to design these units implicitly assume water solution
physical properties. Hence, this body of knowledge may be applied to
molten salts, which have about ten times the viscosity and twice the sur-

face tension of water, only with a good deal of caution and skepticism.

3.2 Spray Desorption

Spray columns are worthy of consideration because in general they
are low holdup and low gas pressure drop devices. Théy are not appropri-
ate when a high degree of separation'is required; however, as indicated
~in the previous section, only modest separations are reqqired for the
cases considered here. .

There éxist at leaét three mechanisms for desorption from droplets
in a spray column: (1) mess transfer from more or less quiescently falling
droplets in the gas stream, (2) accelerated desorption during snd immed-
iately after droplet formation, and (3) flashing desorption that occurs
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vwhen the vapor pressure of the droplet excéeds the gas pressure. Each
of these mechanisms requires some discussion.

3.2.1 Mess Trensfer from Felling Drops

This is usuzlly presumed to be- the. principal mechanism for mass
transfer in conventionalsépray colﬁﬁﬁé;z'The equationffbr counterflow
stripping derived in the previous section applies with an altered defini-
tion for HL. If one assumes uniformly sized droplets of-diamgter, a
falling with velocity Ups it may be shown from Eq. (60) that

2

d_ u
H = —E—‘-E' . (69)
L 6 kL
If we asume the gas velocity to be small compared with the terminal
velocity of the drop, and use an appropriate correlation for kL’ e.g.,

0.5 _0.35
Sh = 2.0 + 0.57 Rep Sc (70)

_glven by Griffith,'> the values of H_ obtained as a function of a, are
given in Table 8. Thus, it mey be observed that to obtain & reasonable
tover size by means of this trensfer mechenism, éroplet sizes need to be
cuite low — on the order of 0.0l cm.

However, all.of this is largely ecademic since spray towers do not
behave in this feshion. The rate of droplet”aggiomeration'is:ﬁigh in
spray towers, hence we could expect the effectiveness for mess transfer
to diminish rapidly with distence from the 1iquid inlet. (Note fram
Table 8, HL varie; about as d; in the inte?mediate regime and.even more
repidly in the Stokes' regime.) Also, spray tower datal4 show a strong
dependence of H; on liquid flow rate which should not occur if this mech-
enism dominates — Q, does not appear in Eq. (69). T

Finally, the maximum liquid loading per unit area of the spray tower
eppears to be approximetelyl* 0.0045 £t?/sec-ft2. Hence a minimum tower
diameter of ~55 ft would be needed to accommodate the 10-£t3/sec liguid
flow required for Xe + I stripping, while the minimum diameter for iodine
stripping would still be a rather large 18 ft.
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Table 8. Hypothetical Height of a Transfer Unit
of a Spray Tower as Function of Droplet Size
Per Eqs. (69) and .(70) .

Bzsed on mass transfer in free fall only

e TS o, B
(cn) (cm/sec) - (%)
0.01 428 0.05 . 0.5
0.1 1670" 19 200
0.2 3690° 83 850
0.3 5860° 200 2000

8stoke's regime,
Intermediete regime.

Assumed physical properties:

P, = 3.3 g/ce

p” = 4.9 X 1075 gfec

u® = 4.3 x 1074 g/cm-sec
s& = 1750

I% = 1.3 x 1075 cm?/sec

It is therefore concluded that stripping by means of the mechanism

of mess transfer from free falling droplets is not a desirable objective.

3.2.2 Mess Transfer During end Soon After Droplet Fbrmat10n~—
Spray Desorption

There is & smell body of literature devoted to the study of mass
transfer from newly formed droplets with a recent summary glven by Rajan
and He1aegar.15 Evidently mass transfer coefficients may be as much as
an order of magnitude higher near the inlet nozzle compared with an iden-
%ical droplet in quiescent fzll. The accelerated t;ansfer rate is due to
transient hydraulic disturbances in the droplet brought about by the
shearing action during formetion. In addition, the region near the inlet
nozzle of a sprzy tower is importent because it conteins the smellest

drop sizes, Hence, the term "spray desorption” signifies an accelerated
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mass transfer mechanism from droplets near the fniet nozzle due both to
mixing within the droplet and as a conseqiience df small droplet size.

The theory governing spray desorption his not yet bBéen translated
into practical design formulse; however, Seawater decxygenation data sum-
merized by Eissenberg and Spiewakl® indicaté that from twd to thrée trans-
fer units of separation may be achievéd by this mechzhism using & "low
pressure” inlet nozzle, The deta Eve ‘sitimarizéd in Table 9, - High AP,
atomlzing spreys, achieved up t6 nine transfer units of separatlon, vhich
is equivalent to 99.99% efficiency for oxygen strlpplng.

Table 9. Number of Transfer Units. of Water IEOxygenatlon
Achleved by "Spray Desorption
(see Ref 16)

Temgzzzzure Inlet Nozzle . .. Number of Transfer Units
(°F) Tyee . OoF Seperation
50 "Low pressure 2.2

100 "Low pressure” ' ' ' 2.6

200 "Low pressure” . .o 3.0 .

300 "Low pressure" 3.3

~50 "Atomizing spray,"” . S 3.7 .
increasing AP across (to a maximum of)
nozzle o

~50 "Atomizing spray,” L~
inereasing AP across
nozzle

One would like to have more detail on nozzié'ﬁéSign; éroplet size,
&P across nozzle, etc., accompenying the data given in Teble 9, but un-
fortunately this is not available. Hence, ‘'e mayﬁonly_cbhélude that
approximately two traﬂéfer units of iodine or xenon stripping could likely
be expected by means of spray desorption without excdessively demanding
gonditions at the inlet nozzle,
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3.2.3 Flashing Desorption

This slso occurs near the inlet nozzle when the sudden drop An lqu1d

pressure brings the hydraulic pressure in the droplet well below the

liquid vapor pressure. Eissenberg and Spiewak16 summarize ‘the results of
'~tests for seawater deoxygenation. It vas found that Full equllibrium ex-
change, Whlch ranged from seven to eight transfer units, was achieved in
some scattered tests, whlle approyimately four transfer units are typical
for teets conducted with some care in nozzle selection and sealing of the
apparatus. More or less crudely run field tests. generally attained approxi-
metely two transfer units of separation by means of flashing desorption.

The pressure drops through the spray nozzles ranged from 1 to 20 psi.
The stomizing nozzles used for the higher pressure drops were not fournd
t0 be superior to the lower pressure drop, nonztomizing nozzles. Neither
was the degree of separation found to be a sensitive function of the frac-
tion of liquid evaporated in the flashing range tested, 0.1 to 0.8%.

Fuel salt, of course, vwill not flash downstream from the nozzle.
Hence, this mechanism probebly does not apply to iodine or xendn etrip-
ping. However, flashing conditions with fuel salt could in some degree
be epproached by'saturating the melt with helium ﬁpstream.fromfthe nozzle.
If helium saturation at 200 psi pressure‘iezachieved, dropping the pres-
sure repidly to atmospheric will "flash" off a volime of heliﬁm‘equal te
~0.1% of the smount of seawater leaving as vapor:on the above cited de-
oxygenation tests. The degree of jodine or xeﬁgn sﬁripping achieved
thereby is not known. .

Hence, we can come to the following conclusions regarding the use of
spray columns for iodine or xenon stripping. “

1. We should primarily strive for the "spray desorptien" mechanism
by which we may reasonably count on two transfer units of separafion.
~This is adequate for either the iodine + xenon siripper or the.ioﬂine
stripper cases. | N

2. There is no incentive for attemptlng 10 achieve a signlficant
amount of stripping by means of mass trans*‘e1~ from qu;escently falling
drops.
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3. Saturation with helium upstream from the nozzle (or even inclu-
sion of helium bubbles) in order to simulate fleshing desorption is worth
considering, but the degree of transfer so achieved cannot be predicted.

We are fherefore led to the spray desorption concept indicated sche-
matically in Fig. 12. Tables 10 and 11 list some design characteristics
for the two cases of interest. .
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Table 10. Tentetive Xenon-Plus Iodine Stripper
Design by Sprgy_Desorp@ion

(see Fig._lZ)

Gas conditions

Helium flow rate, ft3/sec. ... . = oo . 81

Pertial pressure HF, atm =~ . ) 0.01
Partial pressure H,, atm (assumed) =~ 7 1076
Upflow velocity in tower, ft/sec (assumed): - R 2 -
Gas pipeline velocity, ft/sec (assumed) 20
Liguid conditions o .
Flow rate, ft?/sec (8% primery flow) 10
phal Sitet _ - 2490
Dimensions : B o .
Tower diemeter, fi SR ‘ 7.2
Height, ft S . 0
Inlet gas pipe diameter, ft , 2.3

Degree of seperation

(Anticipated to suffice for 1 transfer unit of xenon
and 0,2 trensfer unit of iodine separation)

Table 11, Tentative Iodine Stripper Design
by Spray Desorption

(see Fig. 12)

Gas conditions

Helium carrier gas flow rate, ft3/sec 93.6

Partial pressure HF, atm 0.0L

Partiel pressure H,, atm (assumed) 10-6

Upflow velocity in stripper, ft/sec (assumed) 2

Gas pipeline velocity, ft/sec (assumed) 20
Liquid conditions o

Flow rate, ft3/sec (0.8% primary flow) ° 1

gpm 449

Separestor dimensions '

Diezmeter, ft 7.7

Height, ft ~10
Degree of iodine separation

Anticipated minimum, % 60

Anticipated minimum, number of transfer units 2




68

3.3 Venturi Stripper for Iodine Removal

Venturi contactors appear to be particﬁiafiy suited to cases where
large gas flows are called for relative to the liquid flow rate. The ad-
vantage over spray desorbers lies in the fact that it is the high venturi
throat velocity that serves to break up the liquid into. small.-droplets;
hence there is less demand for a hlgh-performance spray nozzle: Evidently
most experience with venturi conuactors is wmth sys

s"where the ges to
liquid volumetrlc flow ratio is much hlgher than contemplated for the

Xe + I stripper. Hence we will consider this device only’ for iodine strip-
ping. o :

Figure 13 shows a flow schematic for iodine stripping b&'ﬁeans of &
venturi ges-liquid contactor. Note that this is effecti&ély a parallel
flow contactor (except in the separator where counterﬁlqw cegéifieﬁé
exist), hence one should not expect a high degree 6f'eeberatioﬁ; Liguid
is intensively mixed with stripping gas at the throéat of a venturi,
followed by a diffuser section to attein as much pressire recovery as pos-
sible. Essentially all the liquid holdup will occur in the droplet sepa-
rator shown conceptuelly as & large vessel with thfee'stages of mist sepa-
ration.

The Chemical Engineers' Handbook17 gives the following empirical
equetion for estimating the degree of separetion that may be attained in
a venturi contactor:

41.5 T,
¥ = 16050
+1.41 125
vy

wvhere

N = number of transfer units,
V, = venturi throat velocity, ft/sec,
L = liguid/ges ratio, gel/1000 ft3. .
If we choose a moderate throeat velocity of 200 ft/sec and & Qg/Qz of ©3.6

eppropriate for iodine stripping, Eq. (71) predicts
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Fig. 13. Venturi Stripper Schematic for Iodine
' Removal Alone (Cf. Table 12).
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N = 4,2 transfer units ,

which is more than adequate, since only two transfer units are required.
Table 12 lists some pertinent flows and dimensions for the ventﬁri
iodine scrubber., Venturi and separator dimensions furn out to be quite
reasonable, One potential drawback of this concept is thet gas pressure
drops across the venturi mey become excessive if the liquid is introduced
at a low velocity ccﬁpared with the gas velocity of the throat. High gas
pressure drop then occurs due to momentum transfer tq’ﬁﬁé liquid. However,
this is not considered to be a serious drawback here since there appears

to be adequate opportunity for metching ges and liquid velocities.

Table 12, Tentative Design Conditions for the
Venturi Iodine Stripper

(see Fig. 13)
Gas conditions
Helium carrier ges:
Partiel pressure HF, atm 0.01
Partial pressure Hp, atm (assumed) 1076
Throat velocity, ft/sec 200
Gas pipeline velocity, ft/sec (assumed) 20
Upflow velocity in separator, ft/sec (assumed) 0.5
Dimensions
Venturi throat diameter, ft : 0.77
Gas pipeline diemeter, ft 2.44
Seperator tank diemeter, ft . 15.4
Separator height, ft (approximate) 15
Flow rates
Stripping gas, ft3/sec 93.6
Liquid, f£t3/sec (0.8% primary flow) 1
Liquid, gal/min ) 449
Degree of iodine separation
Minimum, % : ) 60
Minimum number of transfer units 2

Number of transfer units predicted by Ref, 17 4,3




71

3.4 The Ramp Flow Stripper

The general features of the ramp stripper are shown in Fig. 14.
Molten salt enters at the top where it is distributed across some number
of trays (10 shown in the figuré) set at a=downslope of perhaps 5 to 15°.
Liquid flow on the trays is antlcipated to be set for approximetely 1/4
to 1/2 in, depths with Reynolds numbers in the 10, 000 to 50,000 range.
This is beyond the range for film flows characterlstlcs of wetted-wall
" columns.

While the ramp stripper concept is not widely used, neither is it
completely unknown. It is closely related to the baffle towers and shower
treys noted by Treybal,l8 Additionally, a commefcial wet cooling tower
recently merketed by Whirlcool is essentiaii&’a veriant of the ramp con-
tactor concept. R

The remp stripper may be thought of as an adaptation of the wetted-
well contactor to molten salt liquids., Since these do not wet the con-
tainer materiel, it is naturally impossible to establish the Tilm-type
flow that characterizes wetted-wall columns. In the ramp stripper, the
flow is of sufficient depth so that wettingfcharacter{stics do not play a
‘'role in esteblishing the flow. _

Some desirzble features of wetted-wall:columns are retained. The
remp stripper, like the wetted-well column, is particularly suited to high
ges and liquid throughputs with low pressure drop. A superior feature is
that, as opposed to the wetted-wall column, liquid depths and velocities
may be edjusted over wide ranges to suit the designer by alteration of
the ramp angle and surface roughness.

It may be shown that the internal eddy conductance in the ramp flow
is quite high, and the main resistance %o mass transfer exists in the thin
surface film at the ges-liquid interface. The success or failure of the . .
concept in large pert depends on how well the surfaqe'film.barrier to mass
transfer is penetreted by any of seversl aveilable devices. In the antici-
pated Reynolds number range, the liquid surface will be wavy, which, to-
gether with the high counterflow gas velocity of approximately 20 ft/sec,
is expected to reduce surface resistance to some extent. Wave promoters

or mixing vaffles mey be employed to assist in the penetration. of the
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surface film. The commercial cooling tower design by Whirlcool employs
small waterfalls spaced about one Tt apart down the ramp to enhance mass
transfer into the ges phase. _ut_ b

Slnc? this is yet another type of countercurrent contaétdr} the equa-
tions developed in Section 3.1 still apply with the exception that the
expression for the height of the transfer unit now takes”g;difTérent form.

It may be shown that the expression for HL of a ramp c¢ﬁté§tor is given by

O

B .

—

.

i,

ja g
=]

where hm is the mass transfer coefficient; W is the totel width available
for ligquid flow. HL here signifies the distance varallel to the. flow in-

cline reguired to achieve one transfer unlt of° separatwon

3.4,1 Mass Trensfer Across a Gas-Llould Interface

The value of the mess transfer coa;flclent, vhich determines the
length of a transfer unit along the ramp, is- qu*te uncertain since +tlere
evidently have been no mass transfer exnerlments for this perticular situa-
tion. Most scelar transport data pertaln to entha DY t*ansport to z smooth
wall in a fluid Prandtl number range of to’ 10 ,

Teble 13 lists four empirical formulee for the mass transfer coeffi-
cient together with the conditions for which each equation was devel-
oped.29s20;21  Use of any of these equations for conditions other than
they were intended is highly questionable. Note thet the first three
equations pertain to transfer to a solid wall; only the last applies to
transfer across fluid-ges interface,

The fourth column in Table 13 lists the values of hm ¢omputed from
each of the listed correlstions for some typical liquid flow conditions
thet may be enticipated; namely, a liquid velocity of 4 ft/sec, depth of
1/4 in., moderately rough ramp surface, and a highly rough gas-liguid
interface. It is seen that there exists ebout two orders of magnitude
difference between the lowest and highest values of the mass transfer
coefficient., The lowest value is obtained from Eg. (73), which applies

to trensfer to smooth walls, vwhile the higlest value is given by the



Table 13. Mass Transfer Equations and Representative Values

Representative Values®

Equation Formula Application and Reference Mass Transfer Length of
Transfer
Coefficient ;
(ft/sec) Unit
(£t)
f Dittus~Boelter; transfer to
(73) . 8t = smooth walls primarily for 0.00010 833
m ge2/3 1 <Pr, Sc <10 |
f Transfer to smooth walls at o,
(74) St, = 0.112 gc3/4 high Sc or Pr numbersP -+ 0.00007 - 490
(75) St = 0°087&/f Transfer to rough wall® for 0.0013 64
m ge0- 44 1 <Sc, Pr <7 * ST
6. 454 Xenon sorption'aga:desorption S I R
(76) St = — - from water film~ 0.012: . :© ° 6.5
M ge0-s Dimensional equation, 4 in £t R

. 1000 <Re. <4000
1/4 ft/sec

'® Assumed typical conditions; Sc = 1750, T = 0.01,'U, = 4 ft/sec, liquid depth-= 0.25 in.
PSee Ref. 19 | " - o

Csee Ref. 20
dSee Ref. 21

nl
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dimensional equation that was found to fit Xenon desorption daka from
weter film flow down a rough, vertical surface,

The fourth column of Table 13 lists the length of a transfer unit
along the ramp for each case computed frOm Eq (72). It may be seen that
either of the smooth wall equations, 1f appllcable, would lead to exces-
sively large contactors of this type. I Eqg. (76) applies, ramp contac-
tors that carry out the requlred"degree of separatlon for iodine or xenon
stripping can be made ouite smallfln 51ze and liguid holdup.

Equation (76) weas derived for &n exnerlmental situation that very

closely epproximates the flcw and mass transfer conditions anticipated

for the ramp stripper. Xenon and;argon were stripped from a water f£ilm v
flowing downward in the device}sﬁéwn’in Fig. 15 called a "trombone cooler.”
Gas flow was upward and set et a velocity. of abouﬁ 1/4 ft/sec. The data
are shown in Fig. 16 where the straight,line is Eg:i- (76) of Table 13.
Unfortunately, Eq. (37) is 2 dimensional equation which mzkes its use even
more uncertain outside its knownfrange of applicability. However, the
Reynolds and Schmidt number Variation in the trombone cooler experiments
were not fer from essumed conditioms on the ramp stripper — the maximum
. Re was approximately e factor of ﬁwo lower than assumed ramp conditions
while Schmidt numbers are estiméféd to have reached zpproximately the
value estimated for fuel salt at 1300°F. Unfortunately, ell the high
Schmidt number date were teken at the lowest Reynolds numbers. In eddi-
tion, in using Eq. (76) for ramp flows ve must extrapolate the liquid
depth from its value in the trombone cooler — perheps 0.05 to 0.1 in., —
. to the assumed depth on the ramp of 0.25 ih.i A positive aspect, however,
is thet no determined effort was made in these experiments to maximize
the mass transfer coefficient. Even the gas Velocity was guite low —
about 1/4 ft/sec compared with about 20 ft/seé-anticipated for the ramp.
Higher gas velocities mey meterially help in peneﬁrating the surface film -
barrier which offers the main resistance to mass transfer.

Some insight to the process of eddy conductance in & liquid flowing
down an inclined plane mey be obtained from the work of Jepsen?2 who meas-
ured eddy diffusivities within watér films up to e Reynolds number of

1800. The films were formed by water flow down a ramp of 9° 44 ft incline
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Fig. 15. "Trombone Cooler" for Stripping Xenon
from HRT Fuel Solution
: (Ref. 21)
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with eddy diffusivities being determined optically via refraction index
changes caused by the desorption of carbon dioxide. Some of the measure-
ments are summarized in Fig. 17. Most notewo*thy is the presence. of str-
face waves with mean depth about 30 to 40% of the film thickness., No
diffusion measurements were possible in this: range, but visual observation
indicated that the liquid was not being 1ntensely mixed in the surfhce
wave zone, High resistance in the interface reglon was thought to control
mass transfer rates into the film. It should be~noted, however, that the
adjaceht gas velocity wes extremely low. The‘degree'ahd effectS“éf sur-
face wave formation counld belsubstentielly‘alﬁéréd:by“the treétidﬂ of
counterflowing gas of significant velocity.

The effect of roughening the wall is postulated by the dashed 11ne
labeled "b". By analogy with pipe flow data, increased wall roughness
should bring the high eddy diffusion zone closer to the bottom surface.
Uhfortunately no mass transfer coefficients ere reported for this experl-
ment.

Thus, appropriste values for h in' turbulent films flowing down in-
clined planes are highly uncertaln. There have been no measurements on
flow systems of this type where deliberate attempts were made to maximize
the mass transfer rate by bottom roughening, surfece breekers or 6tﬁe§
such devices. Surface friction caused by counterflowing ges at moderate
speed also appears to be an attractive way to diminiéﬁ mass transfe:.:e-
sistance at the interface. However, neither has this effect been experi-

mentally explored.

3.4.2 Flow Retes on an Inclined Plene

Some cheracteristics of liquid flow on inclined plane surféée'afe
given in Table 1l4. The given depths and velocities were computed from
etanderd open-channel equations (e.g., Ref. 23) for infinitely long,
sﬁooth chennels. If the ramp were hydraulicelly roughened, which would
no doubt be desirable, the depth would increase slightly wh;le the vel-
ocity would decreese slightly. The Reynolds number, which depends only
on the flow rate per unit width, would remain constent. Eesides hydrau-
lic roughening, any barriers put on the remp to sugment the mixing process

can increese the liquid depth ané reduce the velocity to any desired value.
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Table 14, Liquid Depths, Velocities and@ Reynolds Numbers
for Long, Smooth Ramps

Rez =4 Q‘E p/WIJ

Depth on

Flow Rate ‘
Per Unit Rez Aizgp leng, Smooth vLiquig
Width () Surface (EE;° %
(££3 /sec-£t) (£t ) sec
0.375 61,000 5 0.058 6.5
10 0.047 8.0
15 0.042 9.0
0.25 41,000 5 0.045 5.5,
: 10 0.037 6.8
15 0.032 7.7
0.19 31,000 5 0.038 4.9
10 0.031 6.1
15 0.027 6.9
0.15 24,000 5 0.033 4.5,
10 0.027 5.6
15 0.024 6.3

&Selected for Xe + I stripper.

bSelected for iodine stripper.

The ramp angle and flow per unit widths selected for the Xe + I
stripper case and for iodine stripping alone are indicated by'éland b
in Table 14. These selections ultimately would be made by an optimiza-

tion procedure; hovwever, & brief survey indicated these to be reasonable

choices.

3.4.2 Ramp Stripper for Xe + I Removel

Some design specifications for a combined Xe + I stripper based on
“the remp concept are listed in Teble 15. It is again emphasized that
these size requirements aré specuwletive; the main ﬁurpose for listing
them here is to offer some idea of the sizes, flows, and liquid holdups
that may be expected.

No mass transfer data are svailable for flows of this type. It was

felt, however, that designs'based on Eq. (75), which applies to trensfer
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Table 15. Combined Xe + I Ramp Stripper Coriservative
and Optimistic Designs

Flow conditions from Case a, Table 14

Design conditions

Fuel salt flow rate, f t3/sec (8% primary flow) 10
Stripping ges flow rate; ft3/séc’ 3 !
Xenon removal efficiency; % (¢ transfer tnit) 63
Iodine removal efficiency, % (0.2 transfer unlt, 6
not controlling)
HF partiel pressure, atm 0.01
Conservative Optimistic
Design Design
Eq. (75) Ea. (76)
Remp characteristics . S
Slope, deg 10 ©710
Total width, £t 40 40
Length, £t (1 transfer unit) i e - WA
Liquid velocity, ft/sec 6:8 7 0 6.8
Liquid depth, in. 0.44 - 0.44
Liquid Reynolds number 4X,000 - 41,000
Liguid holdup, ft3 167 ' © 9.5
Mass transfer coefficient, 0.0022 0.039
ft/sec

to rough wells, and Eq. (76) for xenon stripping from water films, should
bracket the range of possibilities. Note that somewhere between 10 znd
170 £t3 of liguid holdup is required for Xe + I stripping from ramp flow
to counterflow stripping ges.

3.4,4 Ramp Stripper for Iodine Removal

Taeble 16 lists some speculative design specifications for an iodine
stripper based on the ramp contactor concept. Notg that the anticipated
liguid holdup rangeé between 2 to 30 ft3. )
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Teble 16. Iodine Stripper, Ramp Concept
Conservative and Optimistic Designs

Flow conditions from Case b, Table 14

Design conditions

Fuel salt flow rate, ft3/sec (1% primary flow) . 1
Stripping gas flow rate, ft3/sec 93.6
Iodine removal efficiency, ¢ (2 transfer units) 60
HF partial pressure, atm e e 0.01
ConservatiVe~~f~ Optimistic
Design - - - Design
(75) Eq. (76)
Ramp characteristics
Slope, deg 10 10
Totel width, ft 6.7 6.7
Length (2 transfer units) 163 12.9
Liquid velocity, ft/sec 5.6 . 5.6
Liguid depth, in. C.32 - 0.32
Liquid Reynolds number 24,000 . 24,000
Iiquid holdup, ft3 29 2.3
Mess transfer coefficient, - 0. 0018 - - 0.023
ft/sec '

3.5 Packed Column Strippers

Packed columns are one of the more common means for effecting gas-
liquid contact, however, they have some inherent drawbacks as po tential
iodine strippers. First, fuel salt does not wet the packing material,
hence the surface area for interphase contact is substentially less than
the area provided by the packing. This appears to be reflected in the
rether lov effective mess transfer coefficients reported by Lindauer,24s25
This type of flow through packing hes not been visually observed in gas-
Jiguid systems, but has been studied in liquid-licuid extraction systems
vhere the situstion arises far more frequently. In'liquid—liquid packed
column flow, when the heavy phase is dispersed and nonwetting, it is ob-
served that the heevy phzse showers downward as discrete droplets when
the packing meterial exceeds some critical size, dpc' Watson,?® for the
mercury-wvater system, gives
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where'c is the interphese surface teénsion, end Ap the aénéiﬁy"diffEfénce
between phases. For fuel salt-helium, Eq. (72) prédicts a éritiééi‘pgck-
ing size of 1/4 in.

Nonwetting flow through nacklng of size less than d yields erratic
) resplts because the flow tends to trickle:through the padking in contin-~
uous streams instead of by discrete.droplets. .Much.lower velues for ef-
fective kL result because far less interphase.surface area is exposed.

A second possible drawback of packed.columns.as iodine strippers is
that they may require high gas pressure drop to force through the large
volumes of gas that are required, especially when the packing size is
small, .

In attempting to estimste unit sizes and ligiid holdups Ffor packed-
column iodine and Xe + I strippers, the following assumpticns and estim-
etes were used. A T

1. An effective value for k; of 0.02 £t /tir vas selécted which may

eppear to be rather optimistic since Llnuauer24 25 reports values in the
. range 0.001 to 0.03 ft/hr. This reistiveiy high value was selected be-
cause the reported data pertein to columng only 1 in. in Gi=zmeter where
no doubt a large fraction of the Iigquid flows diréctly down the wail of
the column. In addition, the packing sizé wes 1/4 in. which may "be below
the criticel packing size. '

2. In the ebsence of any general correlation for liguid holdup for
this case, we used the deta of Lindauer?? for molten selt Flow in &
packed bed of Raschig rings of 1/4 in, diam by 1/32-in. well thickness.
For this case it was found that '

€, =0.04 + 2.8 UZV . (73)

wvhere €, is the liguid fraction of the free volume and Ui'the superficial

liquid veloecity in ft/sec. €, wes found to reach as high as 0.15 after

vwhich the flooding point was soon reached, and was observed to be insensi-
tive with gas flow veriation.
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3. The gas pressure drop as a function of gas and liquid flow rate
and packing size was estimated using correlations that apply to wetted
packing. This is in error to some degree, but there appears to be no
other recourse at this time, The sumery presented by Coulson and,

28

Richardson®® was used.

3.5.1 Xe+1I Strlnning by Packed Co1umn

It may readily be seen that. packed columrs -for Xe + I- stripp&ng will
be excessively large besed on information -thet is aveilable-at this time.
For example, if 3/8-in. Berl saddles are used that yield 190 ft2 surfiace
area/ft? of column, then for a 15-ft-diam column, -Eg. (60)- yields,

H =53 ft,

assuming a velue for kL of 0.02 ft/nr. Since one transfer unit of separa-
tion is required for this cese, it is difficult to see how.a packed col-

wmn can be considered unless new dete show that kL may be significantly
lerger in larger dismeter columns end larger siged»pack;ng.

3.5.2 - Packed Column Iodine Stripper

Table 17 lists some pertinent design characteristics of a pgdked
column used for iodine stripping. The column is large, but perhaps within
the realm of possibility. Again the maln faczor in causing the column to
be large is the low value for the effect1ve mass transfer coefficient
If kL cen be brought up to the range of 0.1 ft/hr, packed columns would
definitely be in the running for use in iodine stripping. Note that even
for the relatively lerge column, described by Table 17, the liquid holdup
is a moderate 79 ft3,
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Table 17. Packeéuééiumn iodine Stripper

Assumed conditions

Fuel salt flow rate, ft?/sec
Stripping ges flow rate, fta/Sec

Required iodine separation, % (2 transfer. unlts)

HF pertial pressure, atm
kp, ft/br

* Column characteristics

Packing material

Surface area/ft® column, rt2/ft3
Free volume, %

, Tt
Column dlameter, ft
Column height, ft
Superficial liquid veloclty, ft/sec
Superficial ges veloc1ty, ft/sec
Liquid holdup, ft2
Ges pressure drop, in., Hz0

1
93.6
60
0.01L
0.02

3/8-in.
. Berl saddles

190

65

8.3

12
16.6
0. 0088
0.83 -
79
0.15
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Nomenclature for Side-Stream Processing Section

Cross-sectional area of packed column, ft2
Total bubble surface area in sparger, cm?
Packing surface area per unit volume, et
Constant defined by Eq..(18), sec‘1 L
Bubble diameter, cm SRR
Packing size, in,

Critical packing size, in.

Diffusion coefficient, cm?/sec

Mess transfer coefficient, ft/sec

Height of a transfer unit, ft

Length of e transfer wnit along remp strlpper, Tt
Equilibrium constant defined by Eq. (9), C@?/g-ﬁéié

Solubility coefficients, g-mole/cm-atm-
Effective solubility of I, g-molé/¢m3;éfm':;=.'

Mess transfer coefficient in packed column, ft/hr

Siope of sn{I”) vs Do
g-moles HF passed
Number of transfer units

Partial pressures, atm

Volume flow rate of sparge gas in lsboratory experiment,

cm?/sec

Iiquid and gas flow rates in contactor, ft3/sec

Equilibrium guotient defined by Eq. (24), kg/g-mole

Minimum stripping gas flow required for efficiency, 7

Side-stream process flow rate, ft3/sec

Gas constant, cm®-atm/g-mole-°K

Bubble Reynolds number

Dimensionless removal rate defined in Eq. (l)
Schmidt number = v/D

Sherwood number = h db/D

Liquid velocity on remp, Tt/sec

Terminal rise velocity of bubble, cm/sec

Volume of melt in leboratory experiment, cm®
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v Loop volume, ft3

W Width of ramp contactor, ft

w Weight of melt in laboratory experlment kg
X Mole fraction '

Yke’Yi Fractions of mass-135 yield that is dlrectly Xe gpnd T
Z Column height, ft o L
Zp Remp length, ft

[ ) Concentration, g-mole/cm® -~

() Activity -

€ Void fraction

Ao Density differencelbeﬁﬁééﬁ phases, g/cm?

n Viscosity, g/cm-sec '

v Kinemstic viscosity, cmz/sec

o Surface tension, g-cm/sec?

Subscrigts

Pertains to graphite pores
Perteins to gas o
Pertains to liquid

Perteins to rich end of stripper

Pertains to lean end of stripper

O F N R Q@

Reference or initisl value

Superscripts

* Pertains to liguid surfece
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